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Abstract 诅 
ABSTRACT 
Computational Fluid Dynamics (CFD) has been applied to study the dynamics 
of waste air dispersal for a high-rise residential building in Hong Kong. The general 
purpose software package FLUENT vms used for the simulations. A typical Hong 
Kong residential building has a cruciform shape with four wings. A deep narrow re-
entrant space splits the wings into two flats. Within this space there are numerous 
sources of waste air and heat. Two types of waste air sources were selected for the 
study: cooking fume exhaust, and the external air that carries heat away from air-
conditioning units. The pollution sources were simulated for various wind directions 
flowing past the wing. In the case of cooking fumes, it was found that a significant 
amount of cooking fumes remained within the re-entrant. Varying the wind direction 
alters the peak fume concentration in this space over a range from 10% to 20%. In 
- the case of waste hot air from air-conditioners, the re-entrant spaces showed 
temperature gains of 1.5°C to 4°C. The highest fume concentrations and 
temperatures were found around the most sheltered part of the leeward side of the 
building. However, all wind directions showed noticeable exhaust and waste heat 
pollution. Hence the design of a typical Hong Kong high-rise residential building 
makes such pollution problems likely. A solution to the problems may require a 
redesign of these buildings, to ensure that waste air and heat is sufficiently dispersed 
from the building. 
Contents iv 
CONTENTS 
Investigation into The Dynamics of Waste Air Dispersal from 




List of Illustrations viii 
Preface 
1. INTRODUCTION 1 
1.1. The Development of Building Technology in Response to the Forces of Wind and 
Water 2 
1.1.1. Roman concrete 3 
1.1.2. Requirement for a stronger mortar 5 
1.1.3. Discovery of an improved mortar 5 
1.2. Development of Wind Engineering 7 
1.3. Computational Wind Engineering 10 
1.4. Development of Building Regulations concerning Ventilation and Light in Hong 
Kong 1 4 
1.4.1. First building regulations 1 5 
1.4.2. Chadwick's enquiry 1 7 
1.4.3. First requirement for windows in rooms 18 
1.4.4. Public Health Ordinance 19 
1.4.5. Building Ordinance 2 0 
1.4.6. Plot ratio regulations and natural ventilation 22 
1.5. Plot Ratio and Site Coverage 2 3 
1.5.1. Gross Floor Area (GFA) 24 
1.5.2. Cruciform tower 2 7 
1.5.3. Re-entrant 3 0 
1.6. Summary 对 
Contents v 
2. VENTILATION OF RESIDENTIAL DWELLINGS AND THE REMOVAL 
OF AIRBORNE WASTES 37 
2.1. High-rise Buildings in Hong Kong and Ventilation 37 
2.2. Climatic Conditions in Hong Kong, and the Requirement for Air-conditioning 38 
2.3. Typical Practice in Hong Kong High-rises 40 
2.4. Source Ventilation 42 
2.5. Traditional Recommendations for a Tropical Climate 42 
2.6. Building Regulations Concerning Ventilation of Residences 43 
2.6.1. Hong Kong Government building regulations 43 
2.6.2. UK building regulations 44 
2.6.3. US building regulations 46 
2.7. Summary 47 
3. MODELLING OF WIND FLOW AROUND BUILDINGS 48 
3.1. Summary of CFD Methods for Air Flow around Buildings 48 
3.1,1. Validation of the k-s model for wind pressures on buildings 50 
3.2. Atmospheric Boundary Layer 50 
3.3. Use of Wind Tunnels to Predict Wind Effects on Tall Buildings 52 
3.3.1. Local wind climate 53 
3.3.2. Pressure study 53 
3.3.3. Aeroelastic study 54 
3.3.4. Wind environment study 54 
3.4. Architectural Aerodynamics 54 
3.4.1. Reynolds number 55 
3.4.2. Pressure coefficient 56 
4. PREDICTION OF OUTDOOR POLLUTION AND AIR QUALITY 57 
4.1. Computer Modelling of Pollution Dispersion 57 
4.2. Exhaust Dispersion from Buildings - Distance Dilution Model 59 
4.2.1. Wall exhaust discharges in residential ventilation 59 
4.2.2. Acceptable levels of kitchen exhaust in the outside air 62 
4.2.3. Distance dilution model with corrections for building size 62 
4.3. Gaussian Plume Model 63 
4.4. Wind Tunnel Models of Pollution Dispersion in a Built-up Area 65 
5. INDOOR AIR QUALITY - COOKING FUMES 67 
5.1. Local Exhaust Ventilation and Efficiency of Pollutant Capture 67 
5.2. Indoor Pollution due to Cooking Stove Smoke 68 
5.3. Cooking Oil Detected in Hong Kong Air 69 
Contents vi 
6. THEORETICAL BACKGROUND: RELEVANT ASPECTS OF CFD 
USED IN THIS STUDY 71 
6.1. Mathematical Model 71 
6.2. Reynolds Averaged Navier Stokes Equations 71 
6.3. SIMPLE method 74 
6.4. Wall Shear Stress Calculations 75 
6.5. Wall Boundary Conditions for k and s 77 
6.6. Species Calculations 77 
6.7. Thermal Transfer 78 
6.8. Grid System and Boundary Conditions 81 
6.8.1. Geometry and grid 81 
6.8.2. Boundary conditions 85 
6.9. Natural Convection Flows 85 
7. MODELLING PROCEDURE 87 
7.1. Dispersal of Exhaust Air from Kitchens 87 
7.1.1. Kitchen range hood exhaust rates 87 
7.1.2. Exhaust air release rates modelled 88 
7.1.3. Initial approximation of dilution in the re-entrant 89 
7.2. Modelling of Waste Heat Dispersal from Air-conditioning Units 90 
7.2.1. Typical air-conditioner energy figures 90 
7.2.2. Representation of condenser heat in a CFD model 92 
7.2.3 . Approximation of temperature increase 94 
7.3. Representation of the High-rise Tower 94 
7.4. Power-law Profile: Increasing Wind Speed with Height 95 
7.5. Wind Tunnel Verification 97 
7.5.1. Wind velocities and pressures 97 
7.5.2. Wind tunnel prediction of contaminant dilution 98 
7.6. Summary of Simulations 99 
7.6.1. Kitchen exhaust air dispersal 100 
7.6.2. Air-conditioner waste heat dispersal 100 
8. DISCUSSION OF RESULTS 102 
8.1. Wind Patterns in the Re-entrant 103 
8.1.1. Wind into re-entrant 104 
8.1.2. Wind at 90° to the re-entrant 104 
8.1.3. Re-entrant on the leeward side of the building 105 
8.2. Exhaust Air Concentration 112 
8.2.L Wind into re-entrant 113 
8.2.2. Wind at 90° to the re-entrant 113 
8.2.3. Re-entrant on the leeward side 114 
8.3. Temperature Increase in the Re-entrant 121 
8.3.1. Wind into the re-entrant 122 
8.3.2. Wind at 90° to the re-entrant 123 
8.3.3. Re-entrant on leeward side 123 
Contents vii 
8.4. Summary of Findings 130 
9. NATURAL CONVECTION MODELLING 132 
10. CONCLUSIONS 136 
10.1. Waste Air 136 
10.2. Waste Heat 138 
10.3. Implications 139 
10.4. Suggestions 140 
APPENDIX A: SIMULATION CASE DEFINITIONS 
A.1 Definitions used for all simulations 142 
A. 1.1 Boundary Conditions used in all simulations 145 
A. 1.2 Equations used in all simulations 145 
A.2 Simulation of Wind Flow around the Building 145 
A.3 Air-conditioner Waste Heat Dispersal Simulations 146 
A. 1.1 Additional boundary conditions used to represent air-conditioners 146 
A. 1.2 Additional equations used 146 
A.4 Exhaust Air Dispersal from Kitchens 147 
A.1,1 Additional boundary conditions used to represent air-conditioners 147 








Figure 1-1 Population growth of Hong Kong 15 
Figure 1-1 Maximum residential plot ratios allowed in Hong Kong 23 
Figure 1-3 Maximum residential site coverage allowed in Hong Kong 26 
Figure 1-4 Schematic floor plan of two adjacent Hong Kong residential 
buildings 28 
Figure 1-5 Features of the Re-entrant 29 
Figure 1-6 Schematic section of adjacent tower blocks, showing the 
maximum shadow angle 30 
Figure 1-7 High-rise residential tower, view from the side 31 
Figure 1-8 High-rise residential tower, view of the re-entrant 31 
Figure 1-9 High-rise residential tower, view from the side 33 
Figure 1-10 High-rise residential tower, view of the re-entrant 33 
Figure 1-11 Schematic plan of two facing wings. This shows the closest spacing 
allowed for facing re-entrants 34 
Figure 1-12 Close-up of a re-entrant showing characteristic features 34 
Figure 2-1 30 year mean temperature at the Royal Observatory, Hong Kong, 
“ 1961-1990 38 
Figure 2-2 Mean wind speeds at the Royal Observatory Hong Kong, 1994 39 
Figure 2-3 Wind Rose for Hong Kong 39 
Figure 3-1 Atmospheric boundary layer wind profile for a suburban area 52 
Figure 6-1 Wind pressure coefficients on a cube with the k-s turbulence model 83 
Figure 6-2 Wind pressure coefficients on a cube measured in a 
boundary layer wind tunnel 83 
Figure 6-3 View of the computational grid superimposed on the building model 84 
Figure 1-1 Energy inputs and outputs of typical window air-conditioners 91 
Figure 7-2 Diagram representing plan of the model building with a re-entrant 95 
Illustrations ix 
Figure 7-3 View of the building model 101 
Figure 8-1 Maximum wind speeds found in the re-entrant 103 
Figure 8-2 Wind blowing into the re-entrant. Velocity vectors 106 
Figure 8-3 Wind blowing into the re-entrant. Surface of constant velocity 107 
Figure 8-4 Wind blowing at 90�to the re-entrant. Velocity vectors 108 
Figure 8-5 Wind blowing at 90�to the re-entrant Surface of constant velocity 109 
Figure 8-6 Re-entrant on the leeward side of the building to the wind. 
Velocity vectors 110 
Figure 8-7 Re-entrant on the leeward side of the building to the wind. 
Surface of constant velocity 111 
Figure 8-8 Maximum exhaust concentrations found in the re-entrant 112 
Figure 8-9 Wind blowing into the re-entrant. Coloured contours of exhaust 
concentration 115 
Figure 8-10 Wind blowing into the re-entrant. Surface of constant exhaust 
concentration at 0.1% 116 
Figure 8-11 Wind blowing at 90° to the re-entrant. Coloured contours of 
exhaust concentration 117 
Figure 8-12 Wind blowing at 90�to the re-entrant. Surface of constant 
exhaust concentration at 0.1%. 118 
Figure 8-13 Re-entrant on the leeward side of the building to the wind. Coloured 
contours of exhaust concentration 119 
Figure 8-14 Re-entrant on the leeward side of the building to the wind. 
Surface of constant exhaust concentration at 0.1% 120 
Figure 8-15 Heat sources within the re-entrant, which represent the 
air-conditioner condensers 121 
Figure 8-16 Maximum temperature increases found in the re-entrant 122 
Figure 8-17 Wind blowing into the re-entrant. Contours of air temperature 124 
Figure 8-18 Wind blowing into the re-entrant, with air-conditioner heat sources. 
Velocity vectors 125 
Figure 8-19 Wind blowing at 90° to the re-entrant. 
Contours of air temperature 126 
Illustrations x 
Figure 8-20 Wind blowing at 90�to the re-entrant, with air-conditioner 
heat sources. Velocity vectors 127 
Figure 8-21 Re-entrant on the leeward side of the building to the wind. 
Contours of air temperature 128 
Figure 8-22 Re-entrant on the leeward side of the building to the wind, with air-
conditioner heat sources. Velocity vectors 129 
Figure 9-1 Velocity vectors for natural convection flow from a 
heated surface at 30�above ambient temperature 134 
Figure A-l Plan of the model computational zone used in the simulations, with 
boundaries 143 
Figure A-2 Detailed plan of the model building used in the simulations 144 
Preface xi 
Preface 
High-rise residential buildings are essential in Hong Kong, due to the large 
population and a small area of available building land. Much of the land area of 
approximately 1,000 km2 is mountainous, leaving little available building land. 
Historically, housing provision was very inadequate with severe overcrowding. 
Conditions in the 1990s have improved, although population density is still very 
high. Where residential density is very high, air quality and ventilation of residences 
generally have to be considered at a scale larger than a single residential unit, or even 
a single building. Current Hong Kong building regulations expect that there will be 
natural ventilation for all rooms in residences. Natural ventilation works best when 
the building is not too deep, and there is sufficient open space around. To achieve 
the objective of meeting natural light and ventilation regulations, there is often a deep 
indentation in the external perimeter of a high-rise tower, which is expected to 
provide ventilation for kitchens, living rooms and bathrooms. This is known as a re-
entrant. 
Various airborne wastes are released within these deep re-entrants. The wastes 
that are released include: kitchen exhaust fumes; air conditioner condenser-heated 
air; flue gases from gas water heaters; air ventilated from bathrooms; and air 
ventilated from the habitable area of the building. It is worth asking whether there is 
enough ventilation in this outside space to disperse waste air and heat away from the 
building. 
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Area of Investigation 
The quality of ventilation in these re-entrants will be investigated. The 
particular areas of investigation are: 
(1) Effectiveness of cooking fixme dispersal from kitchens; and 
(2) Effectiveness of waste heat dispersal from air-conditioner exhausts. 
Method 
Ventilation around Hong Kong residential tower blocks will be simulated, for 
the mean wind speed found in Hong Kong. The main tool of investigation is 
Computational Fluid Dynamics (CFD). This simulation tool has had a growing 
application in building science in recent years. It is now possible to use a desktop 
workstation to perform such simulations. These CFD simulations make extensive 
use of a widely available Unix workstation to obtain the required results. 
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1. Introduction 
This work is an analysis of some particular problems concerning m a s s � 
residential housing in Hong Kong. The area of investigation is how airborne 
pollutants are dispersed away from high-rise residential tower blocks. Since 
residential density is very high, the density of pollution sources from such buildings 
is likely to be greater than for buildings in low density developments. Predictions are 
made of the interaction of airborne pollutants with the passing flow field, so that the 
dispersal effectiveness can be assessed. 
As an introduction to this work, it will first be put in the context of a number of 
subjects. These are as follows: 
(a) Development of building technology to cope with the environment. An 
example chosen is the development of strong water-resistant mortar, which was 
required to build a sufficiently strong lighthouse. This led to major advances in 
building technology as a whole. 
(b) The means of analysing wind effects on buildings. Wind damage to various 
important structures encouraged the development of the discipline of Wind 
Engineering. Since this thesis analyses wind effects around buildings, it is relevant 
to explain how wind engineering developed. 
(c) Development of wind engineering using computers instead of physical scale 
models. This led to the discipline of Computational Wind Engineering (CWE). The 
subject matter of this thesis is closely related to CWE. 
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(d) A survey of the development of regulations governing ventilation in 
residential housing. Airborne pollutants from residential buildings in Hong Kong 
are normally expected to be removed by natural ventilation. A short history of how 
the regulations arose is given in this introduction, to place current regulations in the 
context of the development of Hong Kong. 
(e) The particular building feature analysed in this thesis. This is a deep and 
narrow, semi-enclosed space splitting the wings of typical cruciform tower blocks. A 
discussion is made about these typical high-rise buildings, and these deep spaces. 
1.1m The Development of Building Technology in 
Response to the Forces of Wind and Water 
All buildings have to be strong enough to resist the forces of nature that exist in 
the building location. One force of nature that affects buildings is the wind. For 
most buildings, the required strength to resist wind forces has been determined from 
previous experience. It is difficult, however, to predict wind effects on buildings. 
Moreover, some buildings may be exposed to especially high wind loads. Examples 
of such cases are very tall buildings, or buildings located on sites that suffer from 
extreme wind conditions. For such cases, it is beneficial to know what kind of wind 
forces affect the building. Prediction techniques for wind effects have developed into 
the discipline known as Wind Engineering, which has enabled the construction of 
wind resistant structures. 
An important step in the development of weather resistant buildings came with 
the construction of a masonry lighthouse on the Eddy stone rock in 1759. Previous 
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lighthouses built on the Eddystone rock were of wooden construction, not strong 
enough to resist major storms. Masonry lighthouses could not be built at the time 
because there was no suitable mortar that would resist wave action. The need for a 
strong lighthouse made it essential to improve the building technology of the time. 
The need for an especially strong mortar arose at a time when scientific enquiry 
in general had become well developed. Such an enquiry was applied in the case of 
the Eddystone lighthouse. Some very well established ideas in construction were 
challenged in the process. One result of the enquiry was that the desired storm-
resistant lighthouse was built. A more far-reaching effect was that building 
technology was able to develop more effective solutions to environmental problems. 
A new paradigm in building technology came about after the Eddystone 
lighthouse. Today, computer simulations of buildings have brought about another 
new paradigm. This thesis continues this new paradigm to bring insight into the 
ventilation processes around high-rise buildings. 
1.1.1. Roman concrete 
The technology of building construction dates back to ancient times. Many 
complex buildings were constructed in ancient civilisations. One of the most 
detailed works on ancient architecture that has survived is Vitruvius's Ten Books on 
Architecture.1 Vitruvius was an architect in ancient Rome. The Ten Books are 
significant both for their historical information on Roman architecture, and for the 
later influence that they had.on Renaissance architecture. Vitruvius's work became 
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accepted as a major authority in architecture when interest in classical authors was 
revived. 
The Romans widely used concrete as a building material, especially by the 1st 
century AD. Concrete is a mixture of stones and mortar, which hardens after it dries. 
Mortar is a mixture of sand, cement and water. It is the binding substance in 
concrete, and can also be used to join stone blocks or bricks. 
Many Roman concrete buildings are still standing. An example is the Pantheon 
in Rome, built in BC 29.2 According to Vitruvius, mortar was made using a mixture 
of slaked lime* and sand. Around Rome there was an abundant supply of volcanic 
sand and ash, which was preferred in the making of mortar, since it results in stronger 
mortar than using ordinary sand. The abundance of volcanic sand and ash around 
Rome thus made concrete a very useful local building material, because the 
necessary strong mortar could easily be made. One particular volcanic ash known as 
Pozzolana (found near to Mt. Vesuvius, Italy) lent itself to making an especially 
strong mortar. Pozzolana mortar remained the strongest available mortar until the 
18th century. 
* Slaked lime is made by first heating limestone by fire, and then adding water. Its chemical term is calcium 
hydroxide, and is an active chemical in cement. 
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1.1.2. Requirement for a stronger mortar 
An unquestioned assumption about making mortar was the insistence by 
Vitruvius on the use of hard, white limestone. The assumption was that a pure, hard 
and white limestone would make a strong mortar. It was only questioned when there 
was an urgent need for a water-resistant mortar.3 Two timber lighthouses were 
constructed on the Eddystone rock near Plymouth, England, the first in 1699 and the 
second in 1706. The first was destroyed by waves, and the second by fire. Timber 
was used in these lighthouses, because with a masonry structure waves would wash 
out the mortar between the stones. However, timber was not suitable either, since it 
could easily be damaged by storms or fire. The Brethren of Trinity House, which 
controlled navigation lights, asked the Royal Society of London to solve the 
problem. This was then investigated by John Smeaton, a Fellow of the Royal 
Society. 
1.1.3. Discovery of an improved mortar 
The Eddystone rock is exposed to wind and waves coming from the Atlantic 
Ocean into the English Channel. Smeaton decided that only a masonry structure 
could withstand the powerful waves on the Eddystone rock. The masonry would 
have to be bound by a water-resistant mortar, although none existed at the time. 
Smeaton researched the ways to make such a mortar. First he determined whether 
the strongest mortar really came from strong and white limestone. He discovered 
Introduction 6 
that soft white chalk made equally strong mortar. Furthermore, some of the strongest 
mortar Smeaton made came from impure, non-white limestone. Since Vitruvius's 
ancient dictum was now disproved, it led the way for a scientific analysis of the 
problem. Smeaton had begun a new paradigm for construction technology. Between 
Roman times and the mid-eighteenth century, there was no improvement in the 
quality of mortar. This was because building technology during this time adhered to 
the Roman paradigm. 
One very strong mortar that Smeaton made came from a bluish limestone 
quarried at Aberthaw in Britain. The mortar used for the construction of the 
Eddystone lighthouse consisted of Aberthaw limestone with the addition of Italian 
Pozzolana. The lighthouse was built between 1756 and 1759, and remained standing 
until 1882, when the eroding rock beneath it made rebuilding necessary. 
The previously mentioned improvements in concrete produced a more sea and 
storm-resistant structure. There was also a need for an accurate understanding of 
wind effects on buildings. As a result, the discipline of wind engineering developed. 
At the present moment, the use of Computation Fluid Dynamics (CFD) in 
building technology is challenging perceived ideas about wind and ventilation 
processes. The development of fast computers and techniques to solve fluid flow 
equations has brought about the means to ask and answer new questions about air 
flow. While wind tunnel technology can also answer such questions, the difference 
with CFD is that it can be applied with easily available technology and produce 
faster results. The important questions asked in this thesis are to do with ventilation 
of the space around high-rise buildings. When building codes for ventilation were 
designed, sophisticated prediction techniques such as CFD were not available. 
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Therefore, these building codes might not always be able to ensure adequate 
ventilation for all interpretations put into practice. The techniques of CFD can allow 
a greater understanding of the real ventilation processes in and around a building. 
1.2. Development of Wind Engineering 
Wind Engineering is a relatively recent discipline. Its history has been 
documented by N.J.Cook of the Building Research Establishment in England.4 This 
description of its history draws much from the information described in his book The 
designer's guide to wind loading of building structures: Part 1. Many principles 
fundamental to wind engineering were developed earlier in other fields of 
engineering and science. In particular, the development of fluid dynamics to exploit 
the potential of the aeroplane gave a strong basis to wind engineering. The effect of 
wind on buildings has been realised for centuries. For instance, Vitruvius 
recommended: 
“lines of houses should be directed away from the quarters from which winds 
blow, so that as they come in they may strike against the angles of the blocks and 
their force thus be broken and dispersed.，，5 
Modern wind engineering developed from early work on fluid dynamics in the 
18th and 19th centuries. In particular, Bernoulli and Euler made significant 
contributions to fluid dynamics. Later, Stokes developed the Navier-Stokes equation 
of motion for fluids. Turbulence in fluids was investigated by Reynolds. Turbulence 
is highly relevant to buildings, because buildings are "bluff bodies". A bluff body is 
a shape with a sharp-edged perpendicular face that generates turbulent flow as the 
wind flows past. Buildings create significant turbulence in the passing wind. The 
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need for wind engineering became obvious when a number of important structures 
failed under the force of the wind. In 1879, a significant disaster occurred when the 
Tay Bridge in Scotland collapsed. The bridge was carrying a train at the time, 
resulting in much loss of life. The engineer in charge of designing the Forth Bridge 
in Scotland, Benjamin Baker, decided to investigate the effect of wind on various 
sizes of rectangular plates. He compared the force of the wind on different sized 
rectangular plates. The smaller plates experienced greater peak wind pressures. 
Baker correctly attributed this to the size of gusts relative to the plate size. 
Air flow predictions for aircraft were successfully used in the 1930s. Wind 
tunnels were used to predict flow and pressure distributions around aircraft. Many 
attempts were made to predict wind flow patterns around buildings using 
aeronautical wind tunnels. An early experiment was conducted by Dryden and Hill 
in 1933，who placed a model of the Empire State Building into an aeronautical wind 
tunnel.6 No problems were detected until 1940 when Rathbun made full scale 
measurements on the completed Empire State Building.7 His first difficulty was that 
pressure measurements varied very rapidly, so he decided to photograph a set of 
manometers simultaneously. He measured three floor levels. The measurements had 
a very poor agreement with Dryden and Hill's model. The reasons for the 
discrepancy were not hard to find. Wind speed above ground level normally 
increases with height. However, in an aeronautical wind tunnel, the wind speed is 
almost constant with height. 
It would be an mistake to think that the air flow around a building is similar to 
the air flow around an aircraft. Air passing an aircraft wing is disturbed by a rapid 
change of direction around the wing, causing a strong pressure difference on the 
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wing. Turbulent flow must be avoided as this reduces aerodynamic efficiency. 
However, buildings disturb air flow much more significantly. Gusts of wind are 
generated as the air flows past sharp edged obstructions. Furthermore, the 
approaching wind is already turbulent, having passed numerous ground-level 
obstructions. Hence air flow patterns around a building tend to be very complex. 
In 1940，there was a dramatic failure of a suspension bridge at the Tacoma 
Narrows in the USA. The bridge road started twisting in the wind. When the wind 
continued to blow, the-twisting oscillations became larger. The gusting of the wind 
occurred at the same frequency as the natural twisting frequency of the bridge, 
amplifying the twisting oscillations. The bridge soon fell apart. Wind tunnels were 
later used to model this effect. By 1949, Farquharson and Vincent had developed the 
theory of aerodynamic stability for bridges. 
To model wind flow around buildings, it was clear that the effect of ground 
level atmospheric turbulence must be included in wind tunnels. Such a wind tunnel 
is called a boundary layer wind tunnel, since it models the atmospheric boundary 
layer. The earliest such tunnel was designed by Bailey and Vincent in 1944 to model 
the Empire State Building.8 Their tunnel created a vertical increase in wind speed 
using roughness elements placed upstream of the model. Since the model is much 
smaller than full scale, the effects of scaling must be considered. If the building 
model is too small, or the wind speeds are too low, the air flow around the model 
might be laminar instead of turbulent. Correct scaling is required for the building 
model and wind speed in the tunnel. An important scaling parameter is the Reynolds 
number. This is a non-dimensional parameter that predicts the transition from 
smooth laminar flow, to gusty turbulent flow. Turbulence around the model can be 
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ensured by having a relatively high wind speed. This allows for the smaller 
dimensions of the model. Since pressure incident on the building increases with the 
square of wind velocity, a parameter is needed to describe pressure distribution 
independent of wind speed. This is the pressure coefficient: the pressure divided by 
half the air density and by the square of wind velocity. Scaling principles for scale 
models of wind flow were formulated by Jensen in 1954.9 
The use of boundary layer wind tunnels to predict wind loading became well 
established. The first international conference on wind effects on buildings and 
structure was held in London in 1963.10 However, wind tunnel simulations are very 
expensive. Therefore, wind tunnel simulations tend to be used mainly for large 
building projects that can justify the expense. Wind tunnels simulations are also used 
to determine codes of practice for buildings with respect to the effect of wind on 
buildings. In the 1960s, computers were not sufficiently powerful to simulate wind 
flow. However, as computers have become more powerful, it became possible to use 
computers to predict wind effects. Wind engineering has thus developed another 
discipline known as CWE. This thesis applies principles of CWE to determine 
pollutant concentrations around a high-rise building. 
1.3. Computational Wind Engineering 
Mathematical modelling of wind flow is based on the Navier-Stokes equations 
for fluid flow. Numerical evaluations of wind flow are performed on powerful 
computers, using the techniques of CFD. The solution of these equations is difficult, 
since turbulent wind flow is highly complex, varying rapidly over time and space. It 
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is possible to calculate directly the time-varying turbulent effects of the wind. 
However, the computer resources required for this are enormous. As a result, 
computer simulations are usually based on calculations of time-averaged flow, for 
example the Reynolds Averaged Navier-Stokes equations (RANS). The RANS 
equations calculate the mean flow field. Turbulence in these equations is still 
difficult to solve. Turbulence models have been created to simplify the solutions. A 
very widely used turbulence model has equations for kinetic energy and eddy 
dissipation. This is the two-equation k-s turbulence model. 
The use of computers in modelling air flow is attractive, since it can cut out the 
costly physical models of buildings required in wind tunnels. The need to ensure 
scale similarity is eliminated. Results can be obtained much faster as well, which is 
very beneficial when models are used as part of the design process. The very large 
amount of calculations required is a difficulty in the use of CFD. A single data point 
in a numerical simulation takes about 1 kilobyte of memory. Therefore a 
computation zone with 100 nodes in each of 3 dimensions requires 1003 or 1,000,000 
nodes, needing 1 gigabyte of fast computer memory. Sufficiently fast memory is 
provided only by random access memory (RAM). For comparison, a typical home 
computer is sold with 16 megabytes of RAM, about 2% of the amount required in a 
one million node CFD computation. However, even a desktop workstation is 
unlikely to have more that 256 Mb of RAM for computation, so wind flow 
calculations are still somewhat restricted, even for well-equipped workstations. 
However, developments in computer hardware have meant that processing 
power has been increasing rapidly. Two of the most costly aspects of the computers 
used for CFD are the central processing unit (CPU) and RAM. The cost of these has 
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dropped considerably in price over the past ten years. The trend is still towards 
cheaper computer power. A top-end desktop workstation can now reasonably handle 
wind environment simulations of a complex building. An example is the Sun 
Microsystems Ultra2 workstation, which was designed specifically to handle CFD, 
priced at $US60,000.n Ten years ago, such a machine would have been classed as a 
supercomputer and cost many times this amount. The workstation used in this work 
is a Sun Sparc 10，which is a few times slower than the Ultra2, but is able to complete 
calculations in one to three days. Reduced cost of computation improves the quality 
of information available. Research into the equations of turbulent flow is still 
improving the accuracy of wind flow predictions. It is reasonable to expect further 
growth in the application of CWE. 
Ail early numerical evaluation of wind flow around a cube was conducted by 
Vasilic-Melling in 1977, who used the k-s model together with the RANS equation.12 
The commercial code PHOENICS was used to model wind conditions around the 
Silsoe Building in Britain by Robertson and Glass in 1988.13 Reasonable agreement 
with their experimental data was claimed. A three-dimensional high-rise rectangular 
building was modelled by Fan et al. in 1989, who also claimed a reasonable 
agreement with experimental data.14 In 1991, Selvam and Patersen simulated three-
dimensional air-flow around a low rise building,15 and compared this with full-scale 
and wind tunnel data.16 This computational model was able to predict wind pressures 
fairly well. It is also necessary to calculate wind flow for various incident directions. 
Predictions of this kind for a rectangular building were completed by Mikkelsen and 
Livesey in 1993.17 The accuracy of their model was generally good, with some errors 
on the roof and side walls. 
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For wind simulation of a real building, surrounding buildings must be included 
to generate realistic results. A three dimensional simulation of this nature was 
carried out by Stathopoulos and Baskaran in 1990.18 The wind flow field was 
predicted around a building with its surrounding buildings, for a site in Montreal. 
This study demonstrated that computers can be used in a similar way to a physical 
scale model of an urban area. The benefits of computer simulations are speed and 
flexibility which can help in the building design process. 
Much of the previous discussion of CWE has dealt with its research 
development. Recently, CWE has been applied directly in commercial wind 
engineering projects.19 Ove Arup used CFD to model the wind environment around 
Norman Foster's office tower in Frankfurt, Germany. Ove Arup also produced an 
interesting example of pollution modelling, performed for a university laboratory at 
the University of California. A common problem with fume stacks is to ensure that 
the fumes escape from the building, without getting trapped around the leeward side 
of the building. The laboratory was to have a sloped roof, with an enclosure at the 
top of the roof. The enclosure contained air handling equipment. A fume exhaust 
stack one metre higher than the enclosure was originally proposed. Ove Arup 
modelled the laboratory building with various heights for the exhaust stack. They 
determined that the exhaust stack needed to be at least 6 feet higher than the roof to 
allow effective dispersion of toxic fumes. Also, louvred wall panels were proposed 
to stop the formation of low pressure zones that might cause unwanted re-circulation. 
At the Chinese University of Hong Kong, the Environmental Technology 
Laboratory has modelled the wind environment around a residential development in 
the western New Territories of Hong Kong. The aim of this project was to determine 
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the effect on wind environment at the pedestrian level, where some high-rise 
buildings were planned. The project was able to determine whether or not there were 
areas that might be affected by undesirably high wind speed.20 
As a design tool, CWE shows much potential. The potential is being realised in 
the mid 1990s, as computing power and numerical models have developed to allow 
cost-effective wind environment models. Future developments can be expected to 
further enhance the usefulness of CWE. 
1.4. Development of Building Regulations concerning 
Ventilation and Light in Hong Kong 
In 1841，Hong Kong was declared a British possession. The Crown applied 
conditions for lease of land, so that buildings and land were properly maintained. 
Population growth was rapid in early Hong Kong. For instance many Chinese came 
after 1850 due to the Tai' Ping Rebellion in China.21 Population growth has been a 
major feature of Hong Kong since its founding.22 A graph showing population is 
shown in Figure 1-1. 
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Figure 1-1: Population growth of Hong Kong (from "A Geography of Hong 
Kong，，by Chiu and So) 
1.4.1. First building regulations 
Regulations for planning and construction of buildings were introduced with the 
1856 Buildings and Nuisances Ordinance.23 For new construction, four days notice to 
the Government was required. The Surveyor General was responsible for ensuring 
compliance with building ordinances. The 1856 Ordinance did not mention lighting or 
ventilation for residences at all, apart from ventilation for cooking fires. Residences 
had to be provided with an adequate place to light fires and to cook food. This thesis 
examines the ventilation of cooking exhaust for typical 1990s housing. The 
effectiveness of cooking ventilation is still open to question because of the closely 
packed nature of modern high-rise flats. 
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By 1865, the population of Hong Kong had increased to 125,000. This 
continued population growth caused a housing crisis. In 1874，the new Colonial 
Surgeon, Dr Phineas Ayres inspected sanitary conditions in Hong Kong. The 
Chinese population was segregated into special areas, and their landlords charged 
exploitative rents. These landlords resisted the idea of improvements to building 
standards. One serious problem was that the storm drains had become open sewers. 
Dr Ayres found that sanitation was extremely bad in general, and there was severe 
overcrowding with 3 to 8 families per room.24 
In 1878, representatives of the local Chinese sent a petition to the Governor, 
Pope Hennessy, demanding an improvement in housing conditions. The petition 
demanded that dwellings be designed according to the needs of Chinese people, at an 
affordable rent. The Governor did not see the need for any action. Where light and 
ventilation were concerned, he admitted only that a "smokehole" at the back was 
needed. As for dealing with the sewage problem, his response was to oppose the use 
of water closets in preference for Chinese style earth closets.25 The colonial 
authorities of the time believed that the Chinese population of Hong Kong preferred 
to live the way they lived in mainland China, without any European style remedies 
for sanitation and better living conditions. This belief contributed to a long-term 
neglect of the serious housing problems in Hong Kong. 
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1.4.2. Chadwick's enquiry 
After increasing concerns that insanitary conditions would affect the health of 
troops in Hong Kong, the War Office sent a respected officer, the Royal Engineer, 
Osbert Chadwick, to investigate the problems. The report of his investigation was 
published in 1882.26 Chadwick reported that insanitary and overcrowded living 
conditions led to a decreased life expectancy amongst Chinese people. His primary 
concern was to prevent disease. It was essential to ensure adequate sewage disposal 
and a supply of clean water. He recommended that each person should have “300 
cubic feet" (14 m3) of living space, and each room should have at least one window. 
Housing conditions were so bad that it was necessary to demolish all the offending 
buildings. The Sanitary Board was initiated after Chadwick's report.27 Local 
landlords opposed the Board immediately, but by 1887，the Public Health Ordinance 
was approved.28 Due to strong opposition to major reform, the only public health 
measure the ordinance included was a minimum living volume of 8.5 m3 per adult 
occupant. Chadwick's recommendation for minimum light and ventilation would 
have meant a very significant improvement in living conditions, if it had been 
implemented. 
Over in England, poor ventilation conditions were dealt with by requiring that 
dwellings had a rear yard. The relevant English regulation was the Metropolitan 
Building Act of 1855. This was to be the basis for Hong Kong's 1889 Building 
Ordinance.29 Residences for Hong Kong Chinese were very overcrowded. Five-
sixths of occupied rooms had no windows, but Chadwick's recommendation of rear 
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yards behind tenements was successfully opposed. Insanitary dwellings were not 
demolished. Action was only taken after the Plague killed 2,500 people in 1894. 
The Closed Houses and Insanitary Dwelling Ordinance was passed in 1894.30 It 
limited building height to 7.6 m, or 23 m, according to street width. Overcrowding 
was defined as less than 2.8 m2 of living space per person. 
1.4.3. First requirement for windows in rooms 
In 1898 another commission investigated sanitary conditions. One major 
recommendation of this commission was that rear spaces be included behind 
buildings. This recommendation was included in the 1899 Insanitary Properties 
Ordinance^2 This ordinance placed greater restrictions on cubicles within rooms, 
and ensured that habitable rooms had a window. This early requirement for rooms to 
have windows is the basis for current regulations, which specify a "prescribed 
window" to meet minimum light and ventilation standards. Chadwick reviewed 
conditions again in 1902. His report led to the Public Health and Building 
Ordinance of 1903.33 For the first time, an "Authorised Architect" had to be 
appointed to submit plans to the Building Authority. The Architect ensured 
compliance of building plans with regulations. The Ordinance restrictions were: 
building depth no more than 12 m; a restriction on building height; open space at the 
rear; and every room to have a window or skylight.34 Owing to the restricted space 
for buildings in the early 1900s, not much external space was specified outside room 
windows. The minimum external space required today is still small, but building 
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heights have increased dramatically. The small rear yards behind early 20th Century 
four-storey buildings might be regarded as the fore-runners of the high, deep and 
narrow spaces found in 1990s residential buildings. 
1.4.4. Public Health Ordinance 
The 1935 Public Health Ordinance (Building Ordinance) attempted to improve 
light and ventilation standards.35 The maximum building depth was then 11m, the 
maximum building height was 6 storeys, a toilet was compulsory in each tenement, 
and a minimum floor area of 3.3 m2 per adult was defined. However enforcement of 
the space allowance was not successful. The dominant building type had four 
storeys, and the upper three storeys had verandahs. Each tenement was usually 
occupied by many families. The building depth restriction led to a 4-storey light-
well between the main room of the floor and the kitchen at the back. However, this . 
light-well was often turned into space for more tenants. The main room was long 
and narrow, and was usually subdivided into smaller windowless rooms known as 
cubicles. Hence Chadwick's recommendation for each room to have a window and 
enough living space was not being met in practice, even fifty years later. 
One of the major responses the Hong Kong Chinese population made to the 
lack of available housing was to build squatter huts wherever space could be found. 
In 1937, there were 3/4 million people living in squatter settlements in Hong Kong. 
Soon after the Second World War, in 1947，Hong Kong's population was 1.8 million. 
In 1949, the Communist government of China was established. This event brought 
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many refugees to Hong Kong. Squatter settlements were by then a dominant housing 
type. These homes were makeshift and unsafe. One of these settlements, at Shek 
Kip Mei, suffered a major fire in 1953, which made 53,000 people homeless. The 
Government responded by initiating an emergency housing programme. The land 
used by squatter settlements was needed for redevelopment. Moreover, if further 
fires occurred, homeless people would lead to unplanned expenses. Permanent 
housing was to be built, with a floor space allocation of 2.2 m2 per adult. By 1957, 
the number of people accommodated in public housing was 120,000. The units were 
still cubicles, and residents had to use the outside corridor as a kitchen. The corridor 
was on the outside perimeter of the building, and toilets were shared between units. 
In all types of 1990s housing, bathrooms and kitchens are within the flat, which has 
improved housing conditions and privacy. While living conditions have improved 
greatly, high density living means that ensuring good air quality is still difficult. 
1.4.5. Building Ordinance 
Population growth around 1950 accompanied the strong economic growth of 
Hong Kong. Many immigrants arrived, and there was also a high birthrate. An 
opportunity thus arose for private sector development of housing. To encourage the 
private sector, changes to the Building Ordinance of 1935 were required. A 
significant increase in the maximum permitted building density was introduced. This 
was implemented in the 1955 Building Ordinance.36 
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According to this Ordinance, residential density was restricted by a maximum 
building volume. This was calculated as the site area multiplied by a height factor. 
The maximum height allowed was effectively thirty storeys. Light and air for the 
street and lower storeys was decided by defining a set-back angle for the upper 
storeys. This was a 76 degree angle from the centre of the street. No part of the 
building was allowed to project above this angle. The type of building that resulted 
from this was a large rectangular block, narrower at the top. All rooms were required 
to have windows, but many rooms were far from the outer edge of the building. The 
requirement for windows in the central zones of this rectangular block was met by 
using light-wells. The light-well dimensions were defined using imperial units as 
follows: for every two feet of wall height, a minimum open area of one square foot 
was required. This is equal to requiring 0.9 square metres of open area for every 
6.2 m of wall height. The light-wells that were built were thus very deep and narrow. 
These features are related to the re-entrant feature modelled in this thesis, which 
differ only in that they are not completely enclosed. Later regulations in the 1960s 
attempted to improve light and air. In 1961，half a million people were still 
inadequately housed, However, a major programme of subsidised housing had been 
started. 
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1.4.6. Plot ratio regulations and natural ventilation 
Hong Kong building regulations currently restrict building density based on the 
1962 Plot Ratio Regulations?1 1962 building regulations require natural ventilation 
for habitable rooms and kitchens: 
"Every room used for habitation or for the purposes of an office or a kitchen 
shall be provided with natural ventilation and lighting. ”38 
Good ventilation of residences is expected solely from natural ventilation. The 
Plot Ratio regulations use three classes of density zone: Classes A to C，each with 
separate plot ratios. This is illustrated in Figure 1-2, which shows that a greater plot 
ratio is allowed when buildings are taller. The three classes of sites are defined by 
their location relative to adjacent streets as follows: 
Class A: adjacent to one or two streets, but not qualifying for class B or C. 
Class B: a corner site. 
Class C: adjacent to three or more streets. 
Ensuring natural light and ventilation is a major purpose of restricting 
residential plot ratios. The 1971 Census showed living conditions had improved. 
Squatter housing was much less prevalent. In tenement housing, there were fewer 
multiple households on average. 
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Figure 1-2 Maximum residential plot ratios allowed in Hong Kong (Building 
Planning Regulations 20 & 21) 
1.5. Plot Ratio and Site Coverage 
The specification of plot ratio and site coverage is currently the principal means 
to control site density.39 The site coverage is defined as the proportion of the site 
covered by a roofed-over building. Plot ratio is defined as the ratio of the gross floor 
area, including outside walls, to the area of the site. That is, plot ratio = GFA : site 
area. 
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1.5.1. Gross Floor Area (GFA) 
Gross Floor Area is used to define the plot ratio of a building. GFA includes 
the thickness of outer walls, balconies, any basement floors, and the floor area of the 
core, including the lift lobby and stairs. GFA excludes the following: 
• bay windows, where not continuous on the building facade 
• parking floors 
• machine rooms and essential services. These are the liftshaft，water 
tanks, transformer rooms, air-conditioning plant rooms and others 
• inaccessible roof overhangs (wall projections) 
• air-conditioner boxes, including built-in platforms and hoods 
• window projections less than 10 cm 
• fins and mouldings 
• flower boxes, if small 
• sunshading and minor projections 
• clothes drying racks or poles 
Given the pressure on space in Hong Kong, GFA exempted features are often 
placed outside the walls of residential buildings to gain more useable space. Some of 
these, such as clothes drying racks and air conditioner hoods, are placed in re-
entrants. Residential building developers usually want to have the maximum floor 
area from each site to maximise profits. Because land prices in Hong Kong are 
extremely high, the maximum permitted GFA has effectively become the definition 
of the GFA used in Hong Kong residential buildings. Architects in Hong Kong have 
produced a fairly limited range of designs that maximise GFA, while meeting other 
considerations such as building regulations. One implication of these similar designs 
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is that if one Hong Kong high-rise has a ventilation problem, many others could have 
the same problem. 
When plot ratios increase, regulations specify that site coverage must be 
reduced in inverse proportion. This is illustrated in Figure 1-3. Higher buildings 
allow the plot ratio to be increased and the site coverage to be reduced. This means 
that taller towers have a greater space between them. The main reason for the 
separation between tall towers is to allow light and air to reach lower storeys and the 
street. Where there is a high plot ratio, adequate ventilation is most easily achieved 
by increasing the height of the building. For example, if a ten storey building had a 
site coverage of 100%, and a plot ratio of 10，it would be less than 30 m high. For 
such a case, the internal space would have inadequate natural light and ventilation. 
This is because most of the floor area would be very far from the windows, 
preventing adequate circulation of air and penetration of light. The internal zones of 
such a building would require continuous mechanical ventilation and lighting to be 
habitable. A deep-plan building is usually only considered acceptable for office 
buildings. Occupants of residences normally expect natural light and ventilation. 
Thus it is important to ensure that a significant part of the site is open to the sky. 
However, the effectiveness of ventilation outside high-rise buildings is difficult 
to determine." To enable natural light and ventilation to work, a large external 
volume of air is required. The wind flow through this external volume should be 
reasonably high. If the outside air is stagnant, high concentrations of pollutants may 
arise. This thesis will look at some of the ventilation processes that occur in the air 
immediately outside a residential building. 
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Figure 1-3 Maximum residential site coverage allowed in Hong Kong (Building 
Planning Regulation 20 & 21) 
A typical Hong Kong residential tower is often around 100 metres high, 
accommodating 40 storeys. A certain amount of open space in front of windows is 
required by regulation for natural light and ventilation. The aim is to prevent a 
building from overshadowing neighbouring buildings, thus reducing the quality of 
light and air for the neighbouring buildings. To reach the maximum plot ratios of 
1:10, 1:9 or 1:8，and to provide the required open space, they must become taller than 
the minimum 62 m height. Modern technology allows the construction of high-rise 
buildings. The high cost of building tall structures is outweighed by the reduced cost 
of land needed to create a given amount of residential floor space. The plot ratio 
regulations are intended to ensure sufficient light and air is provided for all homes in a 
residential development. In the 1990s, forty storey high-rise residential buildings have 
become very common in Hong Kong. Housing conditions in the 1990s are quite 
different from the earlier half of the 20th Century. Over a small area of land, 
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very many people have to share the common resources of light from the sky, and 
fresh air from the wind. It is likely that the residents do not get adequate natural light 
and ventilation under these conditions. Therefore, it is probable that the means of 
ensuring adequate ventilation to residences should be reviewed. 
In Hong Kong high-rise buildings, very tight space restrictions have meant that 
certain types of solutions to natural ventilation have arisen. The building must pass 
the planning regulations for ventilation. However, there are also numerous other 
aspects to consider. For instance, there should be provision of lifts, plumbing and 
electrical services etc. The requirement for naturally ventilated kitchens and 
bathrooms makes it difficult to maximise GFA while at the same time meeting 
regulations. This has resulted in a typical Hong Kong high-rise residential building, 
which is a cruciform shape. In such a building, there is a high degree of re-entrant 
articulation in the perimeter, so that more rooms can have external windows. The 
objective of this thesis is to evaluate the ventilation performance of Hong Kong high-
rise buildings designed according to Hong Kong building regulations. Thus the 
building regulations are also being evaluated to some degree. 
1.5.2. Cruciform tower 
The standard model for the high-rise residential tower in Hong Kong is the 
cruciform plan. In this plan, 4 wings extend from a central access core. The most 
common form is two flats on each wing, with a total of 8 flats per floor. The 
schematic layout of two adjacent residential towers is shown in Figure 1-4. 
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Figure 1-4 Schematic floor plan of two adjacent Hong Kong residential 
buildings 
The two flats on each wing are separated by a narrow re-entrant. Typical floor 
areas for the flats are 30 m2 to 80 m2. In each flat, the bedrooms are put near the 
outer part of the wing, and the living area is close to the entrance and central core. 
The kitchen and bathrooms are placed along the re-entrant wall. Details of such a re-
entrant are shown in Figure 1-5, which is part of a plan of a typical new Hong Kong 
flat. 
Each room used for habitation requires a prescribed window for light and air. 
A prescribed window must face into a space containing a rectangular plane with an 
area of at least 21m2. There must be at least 4.5 m between the window and the wall 
directly opposite. The parallel walls at right angles to a window must be at least 
2.3 m apart. The prescribed window area must be at least 10% of the room's floor 
area. No part of a habitable room can be more than 9 m from a prescribed window. 
If a room has only one prescribed window, its maximum depth will therefore be 
9 m.40 Furthermore, if a line is drawn from the windowsill at an angle of 71.5�from 
a horizontal plane (76° for a kitchen window), no building wall can project above 
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that line. Figure 1-6 is a schematic section between two adjacent blocks, to illustrate 
this regulation. 
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Figure 1-5 Features of the Re-entrant 
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Figure 1-6 Schematic section of adjacent tower blocks, showing the maximum 
shadow angle, above which no other building can project 
This shows how closely spaced two blocks can be, if kitchen windows are 
facing the opposite block. The spacing can be no less than a quarter of the building 
height. Therefore, for a 40 storey, 100 m high block, there must be a gap of at least 
25 m between the blocks. This spacing is achieved by including deep re-entrants. 
1.5.3. Re-entrant 
A dominant feature of the Hong Kong residential block is the deep and narrow 
re-entrant. Figure 1-7 shows a view of a typical high-rise tower at the lower levels. 
The wing containing two flats separated by a re-entrant is clearly visible. Figure 1-8 
shows the re-entrant from top to bottom. It is quite dark since not much light 
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penetrates from the open side and top. The re-entrant is almost as deep as the length 
of the wing. The outer walls of this wing have no windows, to reduce construction 
costs.41 Figure 1-9 shows another style of high-rise tower, which has windows on all 
sides. Figure 1-10 shows the whole tower with the re-entrant in the centre of a wing. 
Detail within the wing is hard to discern due to poor natural lighting. 
Within the re-entrant, kitchens have a prescribed window for natural light and 
ventilation, and bathrooms are provided with ventilation. The minimum distance 
between a prescribed window and the opposing wall is set by the regulation shadow 
angle. The prescribed window for the kitchen has a prescribed angle of 76° (height-
to-depth ratio = 4:1). For a hundred metre high building, this means that the 
opposing wall must be at least twenty-five metres away. The re-entrant allows this 
regulation to be fulfilled, with kitchen windows placed at the back of the re-entrant. 
Thus for a hundred metre high, forty storey building, re-entrants with a depth often 
metres may face each other, yet the separation between building wings need only be 
five metre. This is illustrated in Figure 1-11. 
The re-entrant sides do not support prescribed windows, but they do allow space 
for bathroom windows, gas water heater vents, and air-conditioners. Finally, clothes 
drying racks are usually placed somewhere in the re-entrant, and external plumbing is 
attached to the re-entrant walls. Figure 1-12 shows the details within the re-entrant 
under better lighting conditions. However, one resident has still turned on his 
kitchen light in this photograph, indicating poor lighting conditions. Ducts from 
kitchen range hoods are visible in each kitchen, as well as the standard features of 
air-conditioners, clothes drying racks, gas heater flues, kitchen and bathrooms 
windows, and exterior plumbing. 
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Figure 1-9 High-rise residential tower, view from the side 
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Figure 1-10 High-rise residential tower, view of the re-entrant 
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Figure 1-11 Schematic plan of two facing wings. This shows the closest spacing 
allowed for facing re-entrants, when the blocks are 100 m high, 
and there are kitchen windows at the rear of the re-entrants 
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Figure 1-12 Close-up of a re-entrant showing characteristic features 
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7.6. Summary 
This introduction began with an important milestone in the development of 
building technology. This was the development of a strong, water resistant mortar, 
originally required to construct the Eddystone lighthouse. Deeply held beliefs from 
classical times were questioned and abandoned to allow this progress, thus bringing 
in a new paradigm in the technology of building. 
The work of this thesis might also be considered as part of a new paradigm, 
this time in the understanding of ventilation processes. Modern computer technology 
and simulation techniques have enabled wind and air flow to be modelled without the 
use of physical scale models. Such physical scale models are used extensively in the 
discipline of Wind Engineering, which developed in order to understand wind 
processes on buildings. A valuable base of knowledge has been built up in Wind 
Engineering. 
Advances in technology have allowed computers to obtain "very similar results, 
which has thus led to the discipline of CWE. The particular strengths of CWE are: 
the more ready availability of fast computers; a fast design test cycle; and reduced 
overall cost. Its disadvantages are insufficiently tested numerical models, and 
massive demands on computer resources. However, the trend is for both of these 
problems to become less significant, as computers become faster, and more accurate 
computational methods are developed. 
This work analyses the ventilation performance of modern Hong Kong 
residential buildings, in particular how waste air is dispersed from the building. Thus 
both Hong Kong housing design and Hong Kong building regulations are being 
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tested, to see if adequate ventilation is ensured. It is useful to put this work in the 
context of the development of building regulations for natural ventilation. Thus a 
short history of the relevant regulations has been given. It is apparent that early 
Hong Kong housing suffered chronic overcrowding, with very poor ventilation -
usually no windows in any room. Following a number of public inquiries, Hong 
Kong building regulations insisted on external windows in all rooms. 
Since this work analyses a very common type of residential building in Hong 
Kong, there is a discussion and description of this building type. Specifically, this 
building type is a cruciform high-rise residential tower block. A deep re-entrant, 
10 m deep, 2.3 m wide and 100 m high splits each wing into two. A large number of 
building pollutant sources are found in this re-entrant. 
The Hong Kong building code emphasises natural ventilation. Kitchens and 
bathrooms may not be ventilated only by mechanical means. The deep re-entrant has 
become a standard solution to provide natural ventilation of kitchens and bathrooms. 
It is an expensive solution to provide light and air, since a large area of external wall 
is added to the building, but it is questionable whether it can provide sufficient 
natural ventilation. Furthermore the re-entrant space creates an impression that the 
building covers more of the site than it actually covers. The re-entrant space is 
technically open space, but has in effect been absorbed by the high-rise building. 
This thesis will investigate the effectiveness of the re-entrant in providing the 
ventilation to kitchens and air-conditioner units. 
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2. Ventilation of Residential Dwellings and the 
Removal of Airborne Wastes 
2.1 High-rise Buildings in Hong Kong and Ventilation 
The use of high-rise residential buildings is essential where there is a large 
population and a small area of available building land. High-rise blocks increase the 
available floor area by using a higher plot ratio, which can increase the number of 
people living on a given plot. However this increased human activity means that 
there are corresponding needs to remove more airborne waste from site. The volume 
of air required to provide satisfactory ventilation is increased accordingly�For 
instance, to provide one air change per hour to a block with 15,000 m2 (160,000 
square feet) of living space, 11,000 litres s"1 of fresh air is required. This is a mass 
flow rate of forty metric tons of air per hour. For some spaces, such as kitchens and 
bathrooms, higher ventilation rates are required, because of the humidity and polluted 
air that has to be removed. It is therefore essential to ensure air is effectively 
dispersed from the building, to avoid localised pollution problems. Ideally the waste 
air should be released into the passing wind flow, away from the building entirely. 
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2.2. Climatic Conditions in Hong Kong, and the 
Requirement for Air-conditioning 
The climate in Hong Kong is subtropical. From May to October, the mean 
temperature exceeds 25°C.42 During this time air-conditioning is required to keep 
room temperature at a comfortable level. Air-conditioning is now usual in Hong 
Kong residential buildings, for half the year. Wind speeds are typically around 
3 ms-1，with the prevailing wind direction from the east. Mean wind speeds do not 
vary much over the year.43 
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Figure 2-1 30 year mean temperature at the Royal Observatory, Hong Kong, 
1961-1990 (From Surface Observations 1994, Royal Observatory 
Hong Kong) 
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Figure 2-2 Mean wind speeds at the Royal Observatory Hong Kong, 1994 
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2.3. Typical Practice in Hong Kong High-rises 
There is a minimum separation of 2.3 m for walls to the side of kitchen 
windows. A semi-enclosed volume, 10 m by 2.3 m by 100 m, is a quite typical 
feature in modern high-rises. The 10 m depth is slightly shorter than the length of a 
typical flat; 2.3 m is the minimum allowable width by regulation; and 100 m is 
approximately the height of a forty storey high-rise building. This feature looks like 
a slot cut out of the building, and is referred as "the re-entrant" in this thesis. These 
features are designed to hold prescribed windows for the kitchens (i.e. "prescribed" 
according to the building regulations). The kitchen windows are placed at the 
innermost part of the re-entrant. The parallel walls in the re-entrant are too close to 
each other to hold prescribed windows. The bathrooms do not require prescribed 
windows, so their windows can be placed in the parallel walls. 
The solutions to the problems of providing sufficient ventilation are similar in 
many modern blocks. All habitable rooms in a building are required to have 
adequate ventilation, but the need for adequate ventilation does not always 
correspond with the need for daylight. In kitchens and bathrooms light and view is 
less important than other rooms. Their windows are often placed in poorly lit walls. 
The better lit walls of the high-rise towers are preferred for living room and bedroom 
windows. 
The re-entrant also contains window air-conditioners. Each parallel wall will 
have 2 units, which is a total of 4 units per re-entrant. Despite the fact that such units 
release a high flow-rate of hot air from their condensers, there are no planning 
regulations specifically concerning ventilation of window air conditioners. It is 
l i f t 
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worth asking how effectively the heat is dispersed from the multiple air conditioner 
units within the space. 
The hot air coming from air conditioners is often regarded as a nuisance by 
residents of multi-storey buildings. When air conditioners became popular in Hong 
Kong in the 1970s, the issue was discussed by the Hong Kong Urban Council. Mr 
Henry H.L Hu asked this question in 1973: 
"In many multi-storey buildings, air-conditioners are installed with total 
disregard to the interest of the neighbours, e.g. noise and hot air are unnecessarily 
discharged into the neighbouring house. Could this Council look into this matter, so 
that some action may be taken to improve the living environment of Hong Kong，s 
inhabitants? “44 
A public health ordinance was passed after this, to control the indiscriminate 
discharge of hot air from air conditioners.45 This states: 
12.1 The following matters shall... be nuisances which may be dealt with 
summarily... 
(e) the emission of dust, fumes or effluvia from any premises in such a manner 
as to be a nuisance 
( f ) [dust from construction sites] 
(g) the emission of air above or below the temperature of the external air, or 
the discharge of water, whether waste or otherwise, from the ventilation 
system in any premises in such a manner as to be a nuisance. 
Both the emission of odour from kitchens, and waste heat from air conditioners 
are restricted under these general sanitation regulations. However, if such pollution 
is very common, the regulations may be very difficult to enforce. 
I 
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2.4. Source Ventilation 
Source ventilation is an effective way to rid a home of pollutants.46 For 
instance, a stove cooker hood in the kitchen, or an exhaust in the bathroom are both 
effective means to remove pollutants before they spread to the rest of the home. 
Without source ventilation, seven air changes per hour are required to rid a kitchen of 
fumes generated by a gas cooker. (This value is a recommended rate, not a rate set 
by regulations of any country.) The use of a stove hood reduces the required 
ventilation. The background ventilation required would then be half to one air 
change per hour. Source ventilation requires make-up air. This make-up air must be 
taken from the outside, which increases the chance that some exhaust air may re-
enter the building. This question will be addressed in the simulation of exhaust 
cooking fumes in this thesis. 
2.5. Traditional Recommendations for a Tropical 
Climate 
Traditional recommendations for building in a warm humid climate are as 
follows: free air movement in and around buildings, orientation of buildings north-
south, large openable windows, a thin insulated roof and thin porous walls, use of 
highly reflective wall surfaces, and the inclusion of covered verandahs or balconies.47 
These guidelines came about for low-rise buildings with no air-conditioning. Current 
regulations for ventilation originated in this tradition. Such a situation is different to 
I -
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the present one in Hong Kong, The requirement for high ventilation rates has now 
been changed by the use of air-conditioning. Ventilation is no longer considered an 
aid to cooling, rather excessive ventilation will increase the cooling load. 
2.6. Building Regulations Concerning Ventilation of 
Residences 
A residential building must have sufficient ventilation and lighting, which is 
usually obtained by natural means. Mechanical ventilation and air conditioning 
systems are not usually integrated into the building. Hence natural ventilation must 
allow fresh air to flow through the occupants' homes. Additional mechanical 
ventilation is often needed in kitchens and bathrooms to ensure high ventilation rates. 
Where mechanical ventilation is included, the exhaust fan or exhaust duct is usually 
placed in an external window. 
2.6.1. Hong Kong Government building regulations 
To ensure that residential buildings meet ventilation requirements, building 
regulations determine the minimum size of an external space next to an external 
window. Each habitable room, and kitchen must have a prescribed window. Where 
a window has two walls at right angles to it, those two walls must be at least 2.3 m 
apart, according to Hong Kong Building Planning Regulations.48 The window must 
have a free space of at least 4.5 metres in front of it. The regulations state: 
I I I 
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(2) The rectangular horizontal plane shall be such that— 
(a) it has an area of not less than 21 m2; and 
(b) the minimum length of the base is not less than 2,3 m; and 
(c) the minimum length of the sides at right angles to the base, between the 
wall in which the window is sited and any other wall or building opposite 
thereto within the boundary of the site on which the building is sited, is not 
less than 4,5 m." 
(3) For the purposes of this regulation-
fa) “base when used in relation to the rectangular horizontal plane, means 
that side of the rectangular horizontal plane common with the line of the 
sill of the window; 
(b) “rectangular horizontal plane ” means a rectangular plane at the level of 
the sill of the window having the minimum area and minimum dimensions 
prescribed by paragraph (2); 
The regulations also specify set-back angles for opposing walls. For kitchen 
windows, this angle is 76°, and for habitable rooms the angle is 71.5°. For a 100 m 
high building, the opposite wall must be at least 25 m away. However, there is no 
direct limit on the depth-to-width ratio of the re-entrant. 
For any given room, the area of the window should not be less than 10% of the 
floor area of the room. If the natural ventilation regulations are not complied with, or 
the Building Authority considers the ventilation inadequate, then mechanical 
ventilation may be required. Alternatively, ventilation may be obtained by an 
opening to another artificially ventilated space. The regulations make no specific 
mention of cross-ventilation, despite its vital role in effective natural ventilation. 
2.6.2. UK building regulations 
For comparison, the regulations concerning ventilation in the UK are described. 
Hong Kong building regulations have been influenced by UK practice, because Hong 
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Kong has been a British territory for the past 150 years. Recommendations for 
ventilation have come from English consultants such as Chadwick. However, UK 
regulations have some significant differences from Hong Kong.49 For instance, 
kitchens and bathrooms in the UK are specifically required to have additional extract 
ventilation. For a kitchen, the extract rate should be capable of at least 30 litres s"1 for 
a fan in a cooker hood, or 60 litres s"1 where the extraction is elsewhere in the 
kitchen. In practice, Hong Kong residential kitchens usually have kitchen cooker 
hoods or window extract fans. If the extract fan is not put in by the architect, the 
owners will probably install their own. From observation of Hong Kong high-rise 
residences, most kitchens can be seen to have mechanical extract ventilation. A 
typical case is shown in Figure 1-12, Section 1.5. The concern of this thesis is not 
whether Hong Kong residential kitchens can provide sufficient extract ventilation. 
Rather, it is whether the exhaust air can be dispersed effectively enough to prevent its 
re-entry into the residences. 
In British practice, non-habitable rooms, such as kitchens and bathrooms, may 
be positioned away from external walls to make best use of the available space. This 
happens most often in flats. In such rooms, mechanical extract ventilation is used, 
often set up to run automatically when the light is switched on. The British practice 
allows residential kitchens and bathrooms to be built without windows as an 
alternative, provided that mechanical ventilation is sufficient. However, Hong Kong 
practice places a much stronger emphasis on natural ventilation of kitchens. The 
regulations first demand natural ventilation for kitchens. Then elsewhere in the 
regulations, it is suggested that if natural ventilation is insufficient for any room, 
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mechanical ventilation at a rate of five air changes per hour can be used. It is not 
exactly clear whether a mechanically ventilated kitchen could pass the regulations. 
Part F of the schedule to the Building Regulations 1991 (UK) requires adequate 
ventilation in residential buildings.50 The document has the objective of ensuring 
sufficient ventilation where moisture is generated in large quantities, such as kitchens 
and bathrooms. Adequate ventilation can reduce the levels of pollution in indoor air. 
For continuous ventilation, habitable rooms are required to have one air change per 
hour, and kitchens three air changes per hour. These background ventilation rates are 
the British regulation rates, which can be obtained either by mechanical or natural 
means.51 
2.6.3. US building regulations 
US regulations for ventilation also require mechanical ventilation in kitchens 
and bathrooms. According to ASHRAE46 the following ventilation rates are 
required: 
• Kitchen: 48 litres s"1 intermittent, 12 litres s"1 continuous. 
• Bathroom: 24 litres s"1 intermittent, 10 litres s"1 continuous. 
A survey was conducted by the Home Ventilation Institute in the US to find the 
preferred exhaust rate chosen on kitchen range hoods.52 They found the maximum 
exhaust rate that did not cause disturbing noise. This rate was determined from 
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observation to be about 60 litres s"1. This is the rate they recommend for a range 
hood. The author's experiment suggested that the suitable ventilation rate for a Hong 
Kong range hood was about 80 litres s"1. This is only one third greater than the US 
value, so the exhaust rate used for the simulations is a realistic one. 
2.7. Summary 
In Hong Kong, high-rise residential buildings are essential to provide housing 
for a large population in a small area of available building land. A consequence of 
the resulting high residential density is a high density of pollutant sources from the 
buildings. Since Hong Kong is subtropical, air-conditioning is required for around 
six months a year. Earlier (pre-1970) ventilation strategies in the design of tropical 
housing are no longer applicable to residences which are sealed units for most of the 
year. 
In a typical Hong Kong high-rise building, deep narrow and tall re-entrant 
spaces contain many kitchen exhaust fans and many air conditioning units. The 
exhaust fans are necessary to remove cooking fumes directly away from the cooking 
area and out of the home. 
Hong Kong regulations do not specify exhaust fans in kitchens or bathrooms. 
Ventilation for these rooms is regulated by allowing a certain size window and 
sufficient space in front of the window. These regulations still allow kitchen and 
bathroom windows to face a highly enclosed space. In comparison, U.K and U.S. 
regulations are more specific about allowing extract ventilation for these rooms, 
which may also substitute for natural ventilation. 
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3. Modelling of Wind Flow around Buildings 
CFD is a technique that models fluid flow mathematically, evaluating the 
solutions numerically on a computer. It has a widespread range of applications. It is 
the principal tool used in CWE. Wind tunnel simulations are also important means 
to simulate wind flow. This method has a longer history, and thus a more substantial 
track record of applications. These simulation techniques will also be described. 
3.1. Summary of CFD Methods for Air Flow around 
Buildings 
A CFD model includes equations for mass, momentum and turbulence, 
allowing a full three dimensional wind field to be solved. One of the fundamental 
problems in modelling air flow around a building is the incorporation of turbulence. 
The air flow at ground level normally is turbulent due to the low viscosity of air, and 
the numerous obstacles on the ground. Additional turbulence occurs when wind 
flows around a building. The Reynolds number for wind around buildings is very 
high, usually above 106. A way to average the effect of gusting is required, so that 
calculations can be performed more easily. There are additional terms in the RANS 
equations known as Reynolds stresses.53 Turbulence models are required to model 
these additional terms. One such model is called the k-s model. It includes kinetic 
energy of turbulence (k) and the rate of dissipation of eddies (s). The computational 
zone is divided into discrete volumes using the Finite Difference Method (FDM). 
This provides a set of equations that can be solved by an iterative procedure. The 
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final answer is obtained by repeated calculations that converge to the correct answer, 
with each iteration becoming closer to that solution. The building is represented 
using this grid, using wall boundary conditions to represent the building walls. Near 
the wall boundaries, the k-s model is not valid. Therefore a wall function is usually 
used to describe the flow properties near to a solid wall. The edges of a 
computational zone could be a solid boundary, or an air-to-air free boundary. The 
free boundary where the wind flows in is called an inlet boundary. The free 
boundary where the wind flows out is called an outlet boundary. Where the wind 
flow is parallel to the sides of the computational zone, the side boundaries can be 
defined in a number of ways. When the sides are free boundaries, they can be 
defined as symmetry boundaries, or firictionless (slip) walls. A wall can cause 
spurious increase in wind velocity around the sides of the building as the wind is 
squeezed between the building sides and the wall boundary at the edge of the 
computational zone. Symmetry boundaries are useful in modelling a repeating 
symmetrical pattern. 
In a wind tunnel, the equivalent boundary condition for the side walls and roof 
would be a frictional wall. In both the wind tunnel and the mathematical model, the 
building must have enough space around it to avoid these boundaries affecting the 
wind flow. 
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3.1.1. Validation of the ks model for wind pressures on buildings 
Stathopoulos and Zhou evaluated wind pressures on roofs by using the 
Reynolds-averaged Navier-Stokes equations and the standard k-s model.54 Low and 
tall buildings were modelled for a variety of wind directions. Over most of the roof 
surface, comparison to wind-tunnel data is good. Near the windward roof edges, the 
agreement is not so good. In this region there is a lot of turbulent swirling motion. 
This particular effect of turbulence is not so well represented in the standard k-s 
model. In the A:-6* model, turbulence is assumed to be isotropic, without varying 
according to direction. This is not the case in real flow, but this simplification is part 
of the 免-s model. The model does not predict the flow separation near the edges 
accurately, because turbulence is treated as isotropic. More accurate predictions may 
be obtained from a more detailed mathematical model, such as the Large Eddy 
Simulation (LES) model. 
3.2. Atmospheric Boundary Layer 
At the surface of an object, any sample of a fluid flowing over it has a zero 
velocity. Due to the viscosity of the fluid, there is a shear stress in the fluid. 
Velocity increases further away from the surface, and the flow region near the solid 
surface where the velocity is less than 99% of the freestream velocity is called the 
boundary layer. An important boundary layer in wind engineering is the atmospheric 
boundary layer, which is where the flow region is influenced by the ground surface. 
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(Another important boundary layer is the boundary close to building walls, since the 
boundary requires a special wall function to model its shear stress in the wind flow.) 
Boundary layers will be laminar when the Reynolds number is relatively small, 
and turbulent when the Reynolds number is greater. In turbulent flow, there are 
many eddies, and these can transport momentum more effectively than the viscous 
forces in laminar flow. As a result, a turbulent boundary layer is usually deeper than 
a laminar boundary layer. 
The vertical mean velocity profile of wind near the ground is not uniform. The 
turbulent boundary layer of a wind flow near the ground can be several hundred 
metres in height. The atmospheric boundary layer is usually represented by a power 
law as follows: 
Vz=Vg(ZIZg)a (3-1) 
where 
Vz = mean wind speed at height Z above ground level 
Vg -gradient wind velocity 
Z = height above ground level 
Zg = height of boundary layer 
a = power law coefficient 
Figure 3-1 shows a typical power-law velocity profile for a suburban region, 
with a mean wind speed of 3 m s"1 at a height of 10 m above the ground. For this 
case, Vg= 7.5 m s1, 400 m and a = 0.25. 
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Figure 3-1 Atmospheric boundary layer wind profile for a suburban area 
3.3. Use of Wind Tunnels to Predict Wind Effects on 
Tall Buildings 
Modern buildings are taller and have more irregular shapes than in the past, and 
have light exterior skins. It can be difficult to predict wind pressures, particularly for 
unusually shaped buildings. Inadequate building codes and standards have led to use 
of wind tunnels in evaluation of wind effects on tall buildings.55 One example of a 
tall building where a special study was carried out is the Bank of China Building. 
This was built on the island of Hong Kong. Wind data for two wind regimes were 
taken: typhoons, and all other wind conditions. Hong Kong building code specifies 
the maximum pressure that can be expected is 5.3 kPa. On the Bank of China 
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Building, a maximum pressure of 5.9 kPa was predicted. Serviceability conditions 
were determined concerning ventilation for winds up to 28 m s"1. 
Over the course of a number of decades，an established method for wind 
engineering studies of tall buildings has developed. The general method has been 
summarised by Baskaran.56 The wind engineering method includes the following: 
local wind climate; pressure study; aeroelastic study; wind environment study. 
3.3.1. Local wind climate 
Meteorological data for surface and upper winds of the area is used. A scale 
model is used to obtain site wind conditions and the details of upstream conditions. 
Velocity profiles over time can be obtained to analyse cycling of speed variations 
(e.g., Chicago at 0.11 cycles hr"1). The information obtained from local wind climate 
includes: local velocity profile; turbulence conditions; probability distribution of 
mean wind speed. 
3.3.2. Pressure study 
Pressure taps are put onto the building surface. Various wind directions may 
be modelled. Wind loads also vary due to turbulent fluctuations, and these need to 
be taken into account. Information that can be obtained includes: mean, maximum, 
minimum, RMS pressure coefficients; area averaged loads; static and dynamic loads. 
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3.3.3. Aeroelastic study 
The building model is placed on a flexible base. This is to allow measurement 
of the dynamic response of the building to wind loads. Information obtained 
includes: base bending moments; damping; sway deflections; top floor accelerations. 
3.3.4. Wind environment study 
The wind environment around a building is important for everyday cases at 
normal wind conditions. It is necessary to determine unwanted effects like excessive 
gusting at ground level, or inadequate ventilation of open spaces. Information 
obtained includes: velocity ratios; comfort criteria; adverse wind effects. 
3.4. Architectural Aerodynamics 
Scale models in wind tunnels are generally accepted as the most reliable 
technique in architectural aerodynamic design.57 Intuitive predictions of architectural 
aerodynamics can be very misleading due to the complex flow phenomena that 
occur. Buildings are bluff bodies. A bluff body is defined as a large object with a 
flat perpendicular face. Unlike a streamlined body, a bluff body causes significant 
turbulence due to its angular shape. The air flow meets the edges, and there is too 
much momentum for the flow to remain attached to the edges. The flow separates on 
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the leeward side of the building creating a turbulent wake. Mean wind speeds in the 
wake are relatively low. 
3.4.1. Reynolds number 
A useful predictor for the occurrence of turbulence is the Reynolds Number 
(Re), the ratio of inertia forces to viscous forces. This is given by: 
Re 二 ^ 
^ (3-2) 
where 
p - fluid density (1.2 kg m"3 for air) 
U = fluid velocity 
ju = dynamic viscosity (1.8 x 10"5 kg m"1 s"1 for air) 
Z = a length scale，usually the width or height of the bluff body normal to the 
flow 
For buildings, the Reynolds number is usually very high (~106) and so 
turbulent flow occurs. This fact is put to advantage in wind tunnels, because the 
reduced scale of the wind tunnel models does not prevent turbulent flow around the 
models. Pressure coefficients for the smaller scale remain similar, as long as 
turbulent flow is maintained. 
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3.4.2. Pressure coefficient 
Where fluid flow is deflected by an obstacle, it will tend to slow down as well 
as change direction. Since energy is conserved, the static pressure increases as 
velocity decreases. There will be one point on the windward face of a building where 
flow separates in all directions. This is the stagnation point, with a zero wind 
velocity, and therefore the pressure at this point is the maximum pressure that the 
wind exerts on the face of the building. The air flowing over and around an obstacle 
generates various pressure differences. Negative pressures occur due to the 
accelerated fluid flow, and the flow separates. Where the flow is decelerated, 
positive pressures occur. The distribution of pressure around a building determines 
the nature of the ventilation that will occur in and around the building, and thus has a 
vital influence on how effectively waste gases are dispersed. The pressure 
coefficient is normally used to describe the distribution of pressure. The coefficient 
is defined as follows: 
c ^ P Z l A (3-3) 
p U ref 
where: 
Cp - pressure coefficient 
p = pressure 
pn{ 二 refcrcncc pressure 
UKf = reference velocity 
p = density 
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4. Prediction of Outdoor Pollution and Air 
Quality 
Pollution prediction is a major topic. Where pollution around buildings is 
concerned, a review of the literature available shows that there have been two main 
topics of research: 
1. Distribution of pollution in the urban environment, as released by traffic, or by an 
accidental chemical release. 
2. The downwind dispersion profile for a source of pollutant coming from a 
building. 
4.1. Computer Modelling of Pollution Dispersion 
Using a simulation of the large eddies in turbulent flow, Sykes and Henn 
calculated a pollutant plume for an elevated source.58 Unlike most plume 
calculations, this calculation included the rapid fluctuations in concentration in a 
short period of time. Where a pollutant is released, turbulent variations in 
concentration were found to be of the same magnitude as the mean concentration. 
This implies an inherent uncertainty in time-averaged modelling of pollution. 
Knowledge about precise values of the fluctuating concentration is important for 
instance where there are toxic or flammability effects. The simulation used an 
elevated source, because ground sources are accurate only for mean pollution values. 
At a solid boundary, the turbulence occurs in a space smaller than the grid size, 
making it difficult to model time-varying pollution for a ground source. The 
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instantaneous flow field is closer to the log-normal relationship further away from 
the source, when there has been more turbulent mixing. 
Pollution plumes tend to disperse in a sideways direction as well as moving 
downstream. The sideways transport of pollution is known as advection. To 
compute pollutant dispersion, advection terms are usually solved in a Lagrangian or 
Eulerian framework. The species concentration equation was applied by Selvam and 
Huber to model pollutant dispersion from buildings, using the k-s turbulence model.59 
The resulting concentrations were compared with samples from a wind tunnel 
experiment, showing a reasonable agreement. Existing models for air pollution 
dispersion include analytical methods such as the Gaussian plume, and numerical 
methods. Gaussian models do not take into account complex wind fields found in 
urban conditions, which reduce the reliability of such models. 
Finite element methods have become increasingly popular for air pollution 
modelling, most of which are based on the Galerkin method.60 An example is the 
least squares finite element method used to model transport of pollutants by Burrell ^ 
et al.61 Two standard problems were solved to test this method: a rotating puff in a 
parabolic angular velocity flow field, and a rotating cone problem. Further 
improvements to the model were made by mesh refinement and using higher-order 
interpolations. 
Computer simulations of a major pollution release, the notorious Bhopal gas 
leak, were undertaken by Maithili et al.62 For a large scale diffusion of air pollution, 
the atmospheric boundary layer is a vital part of the process. The boundary layer 
varies substantially over complex terrain. Using the predicted mean flow fields, 
tracer particles were released from the source using a Lagrangian particle dispersion 
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model. While the model is numerically and physically consistent, it did not fully 
predict vertical mixing. Lack of data limited the understanding of the turbulent 
structure for low winds in stable conditions. 
4.2. Exhaust Dispersion from Buildings - Distance 
Dilution Model 
4.2.1. Wall exhaust discharges in residential ventilation 
Kovanen et al. looked at the use of wall exhaust ventilation in a residential 
building.63 As an alternative to placing exhausts on the roof, exhausts placed on the 
walls are cheaper, especially in renovation. Therefore, Kovanen decided to evaluate 
the performance of wall exhausts. A three-storey residential building, 12 m high, 
was used for tests of exhaust performance. The exhaust was a cylindrical pipe, with 
a 58 mm internal diameter, releasing 30 litres s"1 with an exhaust velocity of 11 m s"1. 
The tests were performed to analyse the amount of exhaust air re-entering the 
building through intake vents. 
An important concept in describing the dispersion of a gaseous pollutant is 
dilution. If water is added to a strong alcoholic drink such as whisky, the whisky is 
said to be diluted. The whisky becomes weaker, but it still has an effect. In a similar 
way, releasing a gaseous pollutant into the air dilutes the pollutant with air. The 
effect of the pollutant remains, but it becomes less. It has been said that “dilution is 
the solution to pollution". For dilution to solve pollution problems, the pollutant 
must be diluted sufficiently for it to have little or no effect. Dilution can be defined 
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as the ratio of pollutant volume to air volume. In this thesis, dilution is referred as a 
percentage of waste air in outside air. Percentages are used because concentrations 
of exhaust air less than 1% in outside air are not very significant. (For other 
pollutants, much greater dilution may be needed, and ratios are described in parts per 
million, or even parts per billion.) 
The effectiveness of dilution in air depends generally on the following factors: 
wind speed, wind turbulence, location of obstacles, and the velocity of the pollutant 
source. A standard dilution equation is often used to predict concentrations of 
exhaust gas. For this prediction, dilution away from the source is dependent on the 
square of the stretched string distance from the source. This equation is normally 
applied only to roof exhausts. 
Dilution between the exhaust and the intake vent is defined as: 
D = Ce IC 
where D is the dilution, Ce is the exhaust concentration, and C is the 
concentration at the wall surface. For a standard case of an exhaust of zero stack 
height on a flat roof, the minimum dilution is given by the standard formula 
(ASHRAE): 
^ m i n = ( V A + V A ) 2 (4-1) 
where 
( v Y 
+ - f - (4-1) 
、uhJ 
and 
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( j j 
� U � A J (4.!) 
where 
DMIN is the minimum dilution, 
DQ is the apparent initial dilution as the exhaust jet enters the turbulent air 
stream, 
DS is the distance dilution in the air as a result of turbulent flow downwind from 
the exhaust at the stretched string distance S 
Uh is the mean wind speed at wall height, 
Ve is the exhaust face velocity, 
S is the "stretched string" distance from the exhaust, 
Ae is the exhaust face area, 
p is the capping factor for the exhaust 
is a distance dilution factor dependent on the surroundings. 
The minimum dilution Dmin depends on the velocity ratio Ve /Uh , and on the 
distance ratio S /-yfA^. Dilution away from the source is dependant on the square of 
the stretched string distance S. Kovanen compared field measurements of wall 
exhausts with the predictions expected for a roof exhaust. For short distances from 
wall exhausts (S < 5 m, S /•yf^ <100), the minimum dilutions were within the 
amount predicted for a roof exhaust. For greater distances, the dilution factor was 
greater than for a roof exhaust. The reason suggested is that the flow field is 
different around the side of the building than on the roof. This would alter spatial 
distribution of the exhaust dispersion, perhaps with more exhaust moving around the 
edge of the building instead of in a straight line. Also, better dispersion from 
exhausts was found using higher exhaust velocities. 
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4.2.2. Acceptable levels of kitchen exhaust in the outside air 
A test for the degree of odour pollution from kitchen exhaust air was 
undertaken by Kovanen et al.63 Test conditions were set up where exhaust air was 
taken from the cooking of fried herrings. At a dilution D of 0.6%，odour can be 
detected by 50% of occupants. This is considered to be the maximum value 
acceptable. The value of exhaust air re-entry was lower than 0.6% in all the wall 
exhaust cases they tested, the maximum being 0.5%. This value will be used in the 
assessment of exhaust pollution for the simulations performed in this thesis. 
4.2.3. Distance dilution model with corrections for building size 
The simple distance dilution model mentioned above is applied in a number of 
- regulatory models. It assumes that the plume advection velocity is constant. 
However, the spread of the plume is not completely linear. Wilson and Chui 
suggested that building scale has a significant effect on dispersion.64 The spread of 
the plume has instead been given a power law function, which is used to derive an 
amended form of the distance dilution, Ds: 
D 广 S饥 (4-1) 
Qe 
where A is the building frontal area 
and Qe is the exhaust volume flow rate. 
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The predictions were tested using a wind tunnel, with a variety of cuboid 
building shapes. This law was found to be more accurate than the sum of the squares 
prediction. The best improvement was found on the roof of a cubic building. The 
new prediction corrects overprediction of exhaust gas dilution on a cubic building. 
This is probably because cubic buildings have flow recirculation over the entire roof 
area. Wilson and Chui's equation also corrects overprediction of dilution for low-
rise buildings. 
Although this model by Wilson and Chui can predict exhaust gas 
concentrations for various cuboid buildings, it is still limited in scope to these 
building shapes. Predictions are only for rooftop exhausts. The distance dilution 
equations would become very much more difficult as building shapes become more 
complex. For the model of exhaust dispersion used in this thesis, a different 
approach is required. This approach combines the standard air flow models of 
computation fluid dynamics with the mass diffusion equation. The range of 
acceptable building shapes that can be modelled is restricted only by the 
computational grid. More realistic building shapes can thus be included. 
4.3. Gaussian Plume Model 
The dispersion of a ground level source tends to follow a Gaussian dispersion 
function. However, the amount of dispersion is affected by the roughness length of 
the ground surface. The effect of this surface roughness on the dispersion profile of a 
contaminant was studied by Roberts et al. using a boundary layer wind tunnel.65 The 
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amount of dispersion sideways and upwards is increased with a rougher floor. A 
wind tunnel floor can be made rougher by adding small blocks to the floor. These 
blocks are known as roughness elements. This works well as long as the air is evenly 
mixed around the roughness elements. Where flow channelling occurs between the 
roughness elements on the tunnel floor, the experimental data does not fit so well. 
If a building is placed in the wind, it causes turbulence. This changes the 
pollution dispersion plume. A Gaussian plume will be influenced significantly by 
the turbulent flow field downwind of a building. To correct for this effect, Huber 
conducted wind tunnel experiments on buildings of various sizes, so that an amended 
form of the Gaussian plume could be generated, based on experimental data.66 Since 
downwind of a building, in the building wake, air is very turbulent, any pollution in 
that zone tends to disperse and mix in the turbulent region. This has the effect of 
increasing the amount of dispersion in the building wake. A Gaussian plume has a 
definite position for the source of a contaminant. Further downwind of the building, 
the effect on the Gaussian dispersion plume is to increase the apparent distance of the 
source from the observer. Using this effect，a virtual source can be placed at an 
increased distance. The placing of a virtual source allows a Gaussian pollution 
plume to be used to calculate dispersion in the downwind region of a building. 
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4.4. Wind Tunnel Models of Pollution Dispersion in a 
Built-up Area 
Concentrations of a pollutant in the downwind region of a building have been 
monitored by Lee et al., who used a video system to record instantaneous 
concentrations.67 The sources were visualised using smoke tracers, and the smoke 
intensity recorded as a video image. The change in light intensity as light passes 
through the smoke gives a total concentration, integrated in the vertical direction. 
The video camera was placed above the source and the obstruction. A range of 
building height-to-width ratios were used. The source was placed on the ground 
upstream, on the top of the building centre, and on the ground downstream. The 
experiments reveal interesting details about the concentration distribution 
downstream of a building. Where the source is placed downstream and behind the 
building, there is a marked high concentration zone just behind the building. 
This technique would require some special adaptation if used to measure 
concentrations in the re-entrant feature of a Hong Kong high-rise building. The 
camera would have to be placed to the side of the building, at approximately its mid-
height. It would be difficult to avoid influencing the flow with the camera for some 
wind directions. Furthermore, part of the building model would have to be 
transparent to allow the camera to see the flow field. It may be easier to use point 
sampling of a tracer gas. 
A tracer gas was used to model the dispersion of pollutants around a complex 
urban environment with the experiment carried out in a wind tunnel by Hoydysh.68 
It was noted that the contaminant concentration around an urban intersection varies 
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greatly. The interaction with the urban environment produces a highly complex 
dispersion pattern. 
The dispersion of a pollutant was measured in a complex built-up area by 
Bachlin et al.69 The area was a large industrial chemical plant. Field measurements 
using sulphur hexafluoride (SF6) as a tracer gas were carried out. A variety of 
conditions were recorded, with downwind concentrations. The results were 
compared to wind tunnel measurements using a model of the same area. Close 
agreement was claimed between the two sets of measurements. Difficulties in 
comparison came in reproducing the wind pattern in the field measurements, and in 
exactly reproducing the actual built environment. For instance, mobile objects such 
as a lorry caused differences between wind tunnel and field measurement, by a factor 
of two. However, the high cost of actual field measurements can make the use of a 
wind tunnel very worthwhile, because it is more affordable and efficient, and the 
experiments can be more easily controlled. 
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5. Indoor Air Quality - Cooking Fumes 
This chapter describes an experiment where the effectiveness of exhaust 
ventilation was tested using CFD, and with field measurements. This illustrates 
some of the difficulties of making field measurements of pollution concentration. 
The relevance of CFD in pollution estimation for capture of a local pollution source 
is described. The experiment also gives a validation for the numerical simulations 
that were carried out. It is also useful to know what kind of pollution comes from 
cooking. A study of pollution from cooking fuels of various types is described. 
5.1. Local Exhaust Ventilation and Efficiency of 
Pollutant Capture 
Madsen et al. analysed the capture efficiency of typical local exhaust 
ventilation, such as a kitchen hood.70 Field experiments and numerical evaluations 
were used. The CFD code, TEACH, was used to determine the concentration field, 
using the k-s turbulence model. The capture efficiency is defined as the ratio of the 
flow of captured contaminants and the total emission rates of contaminants. 
Measurement of this ratio is not easy in either field experiments or numerical 
evaluation. The evaluations used the idea of an imaginary control box. Escaped 
contaminants are those which leave the control box. However, some contaminated 
air leaves the control box and then re-enters it. Therefore the total amount of 
contaminant leaving through the exhaust is greater than the amount captured directly. 
The numerical evaluation was unable to distinguish the two flows, so the 
Indoor Air Quality -Cooking Fumes 68 
contaminant flow rate into the control box was used. The experimental 
measurements were limited in their accuracy since visual estimates of air flow into 
the control box with smoke traces were used. The numerical simulations showed a 
slight overestimate in capture efficiency, suggesting further development of the 
numerical method may be needed. 
5.2. Indoor Pollution due to Cooking Stove Smoke 
The waste air modelled in the thesis contains fumes from gas cooking stoves. 
In Hong Kong residences, liquid petroleum gas (LPG) and natural gas are both used 
as a cooking fuel. Some information on the pollution content of LPG cooking fumes 
is contained in research by Raiyani et al. This research was undertaken primarily to 
analyse pollution from biomass fuels.71 LPG was used as a control experiment. The 
following pollutant concentrations for LPG were measured: 
1 W TSP/ (mg m'3) CO/(mg m ' 3 ) N 0 2 / (|ig m'3) HCHO VS02 
/ Qig m"3) / (jjg m'3) 
"LPG 0.5 24 183 87 65 
Table 5-1 : Average Measured Gaseous Pollution in Selected Homes. (Source: 
Raiyini et al.) 
Fuel use rate = 0.4 kg day"1. Room volume == 37 m3. Mean cooking time = 2.6 
hours per day. Measured for 20 houses. TSP = Total Suspended Particulates, 
HCHO = Formaldehyde, CO 二 carbon monoxide, N02 二 nitrogen dioxide, S02 = 
sulphur dioxide. 
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Comparison to other fuels such as wood, coal, kerosene and cattle dung shows 
that LPG is the cleanest fuel. Pollution levels for LPG are high only for N02. 
According to the World Health Organisation, 320 jig m"3 of N02 is considered to be 
the maximum exposure admissible for one hour.72 For this case, an average 183 |ug 
m"3 of N02 for a period of 2.6 hours was found. This is a total output of 476 jug of 
N02 over 2.6 hours, compared with a total output of 320 |Lig of N02, for the 
maximum admissible in one hour. Pollution figures in these kitchens may have been 
lower with effective source ventilation. These figures suggest that it is undesirable to 
have LPG fumes remaining within a residence. For both LPG and natural gas, 
adequate ventilation is essential to prevent formation of carbon monoxide. Without a 
supply of fresh air, the gas flame could use up much of the oxygen in the air, so that 
incomplete combustion occurs. This situation occurs when the home has very low 
ventilation rates. LPG is relatively clean, but still contains pollutants that should be 
dispersed away from the building. Equivalent figures for natural gas in homes have 
not been found in the literature. 
5,3. Cooking Oil Detected in Hong Kong Air 
Results of recent research in Hong Kong have shown that aerosol particles in 
the air have persistent evidence of cooking oil. Dr Ming Fang of the Research Centre 
at the Hong Kong University of Science and Technology was interviewed by the 
South China Morning Post, August 1996, about this research. He added: 
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"In Chinese style cooking, stir-frying is one of the main contributors to fatty 
acid emissions because a large portion of the oils used in cooking is vaporised. 
There is no lack of restaurants here and the role they play in air quality should be an 
important subject to researchers. 
While the main contribution to air pollution in Hong Kong is vehicle emissions, 
Dr Fang found persistant evidence of cooking oil in air across the territory. This 
shows that large quantities of cooking oil are released into the air. While it is 
necessary to use exhaust ventilation in kitchens to improve indoor air quality, it is 
possible that this exhaust air can affect outdoor air quality. The problems of cooking 
fume pollution are likely to be more significant if sources of cooking fumes create 
pockets of high fume concentration in the outside air. 
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6. Theoretical Background: Relevant Aspects 
of CFD used in this Study 
The computations are based on the governing equations for: 
• Turbulent air flow 
• Species diffusion in turbulent air flow 
• Heat transfer in turbulent air flow 
6.1. Mathematical Model 
The computation of the fluid flow field requires the solution of the 
conservation equations for mass, momentum, enthalpy and species respectively. The 
co-ordinate system used is Cartesian. The part of FLUENT that will be used to 
model pollution dispersion has also been used widely for analysis of combustion 
processes. The present computation adopted the simplest form FLUENT allows, 
which is for the combination of two non-reacting gaseous species, each with the 
physical properties of air. FLUENT uses the species conservation equation, to 
calculate the diffusive mass flux. This equation uses the concentration gradient with 
turbulent diffusion of a second gaseous species in air. 
6.2. Reynolds Averaged Navier Stokes Equations 
In Reynolds averaging of the conservation of momentum equation, velocity at 
a given point is considered as the sum of the mean velocity and the fluctuating 
velocity: 
Uj = w7- + u\ (6-1) 
where 
Theoretical Background of CFD in this Study 72 
Uj is the velocity in direction i 
ut = mean velocity in direction i 
u; = fluctuating velocity in direction i 
This results in the Reynolds averaged Navier-Stokes equation (RANS) as: 
/ —* � 
d ( ^^ )-—[ dUi I dUi __-{- dUl i 1 
dt 1 dXj ^ ' � ) d x j K dxj dXf v 3 dxt 人 
(6 - 2) 
where the overbar in u has been dropped for simplicity, 
p is the mean density of air in turbulent flow 
u\ is the mean velocity in direction i (the overbar is dropped) 
t is time 
Xj is displacement in direction i 
ju is the molecular viscosity of air 
p is pressure 
g is the acceleration due to gravity 
Due to the existence of the Reynolds stress term pu'^j in equation (6-5), a 
suitable expression to provide closure of the RANS equations is required. The 
chosen model for the closure is the A:-£： turbulence model. Reynolds stresses are 
assumed to be proportional to the velocity gradients. By using the Boussinesq 
hypothesis: 
— 2 r 0 ( d u , ^Uj] 2 du. 0 “，、 
where k is the turbulent kinetic energy: 
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k = (6-4) 
丄 i 
The eddy viscosity jut appearing in equation (6-6) is determined by the turbulent 
kinetic energy k, and the isotropic dissipation rate of k, which is s\ 
k2 
fh 二 PC,—— (6-5) s 
where C^ = 0.09，an empirical constant. 
The values for k and s required in the turbulent viscosity equation are solved by 
solution of the following two equations: 
^ ( p u t k ) = (6-6) ot oxi oxi \crk ox.J 
—(ps) + —(puis) 二 丄 ― 与 + �二(Gk + (1 -C 3 £ )G b ) — C2sp^ 
dt�H J dx,KH 1 1 dxi dx.J Xe k v 3eJ b) 2eH k 
(6-7) 
where (¾ is the rate of production of turbulent kinetic energy: 
^ \ du, \ ^u： … 
G, + — ^ (6-8) 
\OXj OX J <7Xj 
and Gb is the generation of turbulence due to buoyancy: 
Gb = ~gi — (6-9) 
Cu = 1.44, C2e= 1.92，ok 二 1 . 0 ， 1 . 3 
are the coefficients for the 众model. 
For conservation of mass in this computation, the continuity equation for 
incompressible fluid flow with no source mass is adopted. The continuity equation 
is: 
t 
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The momentum conservation equation is solved in an inertial reference frame, 
which includes gravitational acceleration, but no other external forces. Energy 
conservation is solved in terms of conservation of static enthalpy, using a reference 
temperature, and the specific heat of air. Equations for conservation of momentum, 
enthalpy and species are described later. 
One of the standard models used in FLUENT is the Reynolds Averaged 
Navier-Stokes (RANS) equation and the k-s model. A widely used numerical 
procedure, SIMPLE (Semi-Implicit Method for Pressure Linked Equations) is used 
for the actual calculations in FLUENT. SIMPLE is the method of solving the RANS 
and k-s equations in this thesis. 
6.3. SIMPLE method 
The RANS equations are discretised, to produce linearised, algebraic equations. 
Pressure is determined by using the continuity equation. To approximate the 
convective terms of the momentum equations, a hybrid scheme is used. In the 
SIMPLE method, final equations are solved by line iteration. 
The SIMPLE method consists of the following steps: 
1. Solve momentum equations, using the current guess for pressure. The 
guessed three dimensional velocity field is then obtained. 
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2. Continuity equation is updated for velocity and pressure. 
3. All scalar equations are then solved. These are k, s, species and 
enthalpy. 
4. Update fluid properties, such as density and viscosity. 
5. Repeat until converged. 
A non-staggered grid is used, where values are stored at the cell centres. In 
solving the equations, divergence can occur where the error in each iteration 
increases instead of decreases. To reduce this error, a factor known as under-
relaxation is used. This restricts the change in a variable, so that only a fraction of 
the computed change is used. For instance, if a value for under-relaxation of 0.5 is 
used, the change in the variable is restricted to 50% of the computed change. 
6.4. Wall Shear Stress Calculations 
For a turbulent flow regime, the modelling of shear stress at wall boundaries 
must be calculated separately from the fully turbulent flow away from the walls. In 
this boundary layer, the k-s model is not valid. In laminar flow, the shear stress 
depends only on the velocity gradient at the wall. FLUENT uses a first-order 




where n is the distance normal to the wall 
u is the velocity at a tangent to the wall 
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t w is the shear stress at the wall surface 
For the present turbulent air flow, there is a viscous laminar sub-layer 
immediately next to the wall surface. FLUENT uses this equation (6-13) to calculate 
shear stress in this layer for 少 + ^ 11.2. Just beyond this sub-layer is the turbulent 
boundary layer, which is represented by the log-law wall function given as follows: 
= , f o r / > 11.2 (6-12) 
U K K 1 
where 
w•二 is the friction velocity (6-13) 
\ P “ 
y+ is a dimensionless distance defined as: 
y + _ _ ( 6 - 1 4 ) 
and 
K = 0.41, von Karman's constant 
- E 二 9.81, an empirical constant 
Up = velocity of the fluid at point p near the wall 
kp = kinetic energy of turbulence at the point p, on the first gridline near 
to the wall 
Ayp = distance between the first gridline and the wall 
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6.5. Wall Boundary Conditions for k and s 
An equilibrium assumption is used to derive the boundary conditions for k and 
s. The production and dissipation of turbulence are assumed to be equal in the 
boundary layer. The dissipation rate in the cells near the walls is then: 
cH 
(6-15) 
For the value of k near the wall, the transport equation for k is solved. The log-
law wall function is derived from experimental turbulent flow data. It allows the 
calculation of wall shear stress without the need for additional gridlines, which 
would otherwise add considerably to the computation time. It assumes that there is 
an equilibrium turbulent boundary. The accuracy will be less where there is a non-
equilibrium boundary layer. Such cases occur on the roof of buildings where the 
flow separates at the windward edges of the roof. 
6.6. Species Calculations 
In the species calculations, which are necessary for prediction of exhaust air 
concentrations, the conservation equation for chemical species is used. Local mass 
fractions are calculated from the solution of a convection-diffusion equation for 
exhaust air, which is defined as an inert species. The conservation equation used is: 
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J ^ i is the diffusion flux of exhaust air, which is due to the concentration 
gradient in a turbulent flow: 
二 一f 尸 + (6-17) 
where 
Dexh,m is the diffusion coefficient of exhaust air (taken as equal to fresh air) 
mexh = mass fraction of exhaust air 
Sct is the effective Schmidt number (Sct = 0.7) 
Sct is defined as : 
二 jdlpDt (6-18) 
Df is the effective mass diffusion coefficient from turbulence. 
6.7. Thermal Transfer 
In FLUENT, the energy equation is solved for the transport of static enthalpy. 
This is defined as mass and heat capacity, integrated from a reference temperature, 
Tref. The energy transport equation for air is: 
I — + 今 ( 6 - 1 9 ) 
where 
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(j) is the molecular conductivity 
•t is the effective conductivity of air due to turbulent transport defined as 
(/>t = Mt/^ t (6-20) 
Pr^is the turbulent Prandtl number (0.2 at the wall) 
H is enthalpy, defined as 
H = mLefCPdT (6-21) 
Boundary condition for heat transfer at the walls: 
The heat transfer from the wall to the air is calculated as: 
q" = Kr{Tw-Tair) (6-22) 
where 
Tair = air temperature 
Tw = wall temperature 
haj r = local heat transfer coefficient of air 
q"= wall heat flux (heat flow per unit area) 
If heat flux is defined at the wall, then the wall surface temperature is defined 
as: 
Tw 冬 + Tair (6-23) n . air 
The local heat transfer coefficient of air at the wall boundaries is calculated 
using equations (6-26) to (6-27) below. Radiation heat transfer is not included in the 
current simulations. For laminar heat transfer, the heat flux can be approximated as 
follows: 
^ r j n A r j i 
q " = (j) ^ (6-24) 
an An 
n l 
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This gives a local heat transfer coefficient for laminar air flow at the wall: 
Kr = 冬 (6-25) 
An 
There is an analogy between heat and momentum transfer. This is used to 
define a log-law equation for heat transfer at the wall in the turbulent boundary layer: 
二丄工和卞丄问“乌冯兰 -11 (6-26) 
q" Ky+ Pr, v ' y+K?vJ sin ^ /4 V ^ V P r , ) 
where 
AT7 二 Tw_Ta i r 
Pr = molecular Prandtl number 
Pr^  = turbulent Prandtl number (0.2 at the wall) 
A = van Driest constant 
K - von Karman constant 
To model thermal buoyancy, the ideal gas law is included in the model. 
pV = nRT (6-27) 
where 
p = pressure 
V= volume of air 
n = molar quantity of air 
T = temperature 
R = ideal gas constant 
This is used to derive the thermal expansion coefficient of air, p, as: 
P = \ (6-28) 
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The code has been validated by Fluent Inc. for a variety of cases. The k-s 
model has some theoretical limitations, in particular the modelling of flow 
separations near to impingement points. However it is generally regarded to have 
engineering accuracy, and has been used to model many problems that have then 
been constructed on full scale. It has the advantage of being well tested. For use on 
a building, FLUENT has recently been compared with wind tunnel data for a cubic 
building.74 A cube, 20 cm in height was placed in a wind tunnel by Hunt. 
Measurement of the pressure coefficients were made, and these are displayed in 
Figure 6-2. The direction of the wind was normal to one of the vertical faces of the 
cube. A power law profile was generated in this boundary layer wind tunnel. The 
same conditions were repeated in a computational experiments using the RANS 
equation and the k-s model. The results of this are shown in Figure 6-1. For a large 
part of the cube surface, agreement is good. However, there is poor agreement on the 
windward edges of the roof and sides. Here, the suction forces are overpredicted. 
The comparison shows that the computational model is generally accurate, with the 
exception of near to windward edges. 
6.8. Grid System and Boundary Conditions 
6.8.1. Geometry and grid 
The geometry is based on a Cartesian co-ordinate system. Denser grid cells are 
used for important flow areas. A view of the computational grid super-imposed on 
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the building model is shown in Figure 6-3. The building is represented with 
impermeable wall cells. The highest density of cells occurs in the re-entrant area. 
Further away from this, the cells expand gradually in size. The rate of expansion of 
the cell size should not be too great, to avoid errors in calculation. Ideally, the cells 
should not change more than 30% between adjacent cells. 
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Figure 6-1 Wind pressure coefficients on a cube with the k-s turbulence model 
“ (Zhou, 1996) 
root 




front [ s i d e reaf 
Figure 6-2 Wind pressure coefficients on a cube measured in a boundary layer 
wind tunnel (Hunt, 1982) 
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• 
Figure 6-3 View of the computational grid superimposed on the building model 
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6.8.2. Boundary conditions 
To represent release of exhaust air, some wall boundary cells are replaced with 
inlet cells releasing a second species. The volume flow rate of the inlet cells for the 
second species represents that of the total kitchen exhaust ventilation rate from the 
building. The ground is considered as wall cells, and the side boundaries of the 
computational zone are treated as frictionless (slip) walls. The downstream boundary 
is considered as a constant pressure inlet, where the pressure is atmospheric pressure. 
A power-law fit velocity profile is usually set up at the inlet boundary to represent 
the normal increase of wind speed with height. Temperature boundary conditions are 
specified at the inlets and walls. 
6.9. Natural Convection Flows 
When the density of air varies due to temperature differences, gravity causes 
buoyancy forces in the air. This creates natural convection flow, or where wind 
forces are significant, it is a mixed convection flow. The importance of buoyancy 
forces relative to wind forces can be determined from the ratio of the Grashof and 
Reynolds numbers: 
& 与 (6-29) 
Re pv 
where Gr is the Grashof number, L is the characteristic dimension of the 
convective surface, and v is the velocity of air without buoyancy forces. 
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The buoyancy forces become relatively significant when the ratio reaches or 
exceeds 1.0. For a temperature difference of 3°C, a wind speed of 1 m s"1 (moving up 
the wall) and a height of 50 m (half the height of a high-rise building), this ratio is 
1.6. However, if the wind speed increases to 3 m s"1, the ratio becomes 0.2, and 
buoyancy is no longer significant. Therefore, buoyancy effects are likely to be 
significant for the dispersal of waste air conditioner heat, but only at low wind 
speeds. This can occur on days with low wind speeds, or where the building 
provides shelter from the wind. However, if the air flow is constrained so that it 
flows past numerous heat sources, such as air conditioners, there may be a significant 
increase in air temperature. 
Where the wind is calm or nearly calm, the situation becomes pure convection. 




where a = thermal diffusivity (a =沴 / pcp) 
Where Ra is less than 108 the buoyancy flow is laminar, for 108 < Ra < 1010 the 
flow is transitional from laminar to turbulent, and for Ra> 1010 the flow is fully 
turbulent. For a natural convection flow from a 10 m high wall with a temperature 
difference of 50 °C, the Rayleigh number is approximately 1014. Therefore, 
modelling air conditioner heat release will involve turbulent flow. It is important that 
the equation for the heat transfer coefficient in turbulent flow is included (equation 6-
28). This will ensure that turbulent mixing of heated air from the wall approximates 
turbulent mixing of heated air from air conditioners. 
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7. Modelling Procedure 
7.1. Dispersal of Exhaust Air from Kitchens 
7.1.1. Kitchen range hood exhaust rates 
The author measured exhaust rates for a typical kitchen range hood in Hong 
Kong using a hot-wire anemometer. These experimental measurements were 
conducted to estimate typical cooking exhaust flow rates from Hong Kong kitchens. 
The range hood model analysed was the Pacific Range Hood, PR-333. Values of 
130 and 80 litres s"1 were obtained for double and single fan settings. The exhaust 
velocity for a flow rate of 80 litres s"1 was 6 ms-1，where the exhaust duct diameter 
was 0.13 m. While a pan of water was being brought up to boiling point, the exhaust 
air temperature increase was 21°C. Temperatures were also measured above the 
range hood to determine whether all the fumes were captured by the hood. 
The air temperature above the hood was also raised during the boiling water 
test. Warm cooking fumes could be detected above the range hood, showing that 
capture was not completely efficient. This indicated that the maximum rating on this 
range hood is barely adequate to handle fames from typical Chinese cooking, since 
such cooking uses a fairly strong gas flame. Large amounts of gas fumes, oil, and 
smoke can be produced. The range hood exhaust flow rate required to remove all the 
cooking fumes may be quite high, when compared to the minimum requirement of 30 
litres s"1 set by British regulations. 
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The need for high exhaust ratings has been noticed by some range hood 
manufacturers. For comparison, figures have been obtained from Matsushita 
Electric, who are the manufacturers of the National Sirocco Range Hood.75 The 
product literature claims that the hood has very powerful suction power to remove 
typical fumes from Chinese cooking. The hood has a high rating of 200 litres s"1, and 
a low rating of 120 litres s"1. These ratings are probably higher than the typical 
ratings found in Hong Kong kitchens, since they use centrifugal fans rather than axial 
fans. Axial fan power are limited by the fact that these fans are noisy. However, 
they do suggest that the use of powerful exhaust fans might cause even higher 
concentrations of cooking fumes outside high-rise residential buildings. Also, the 
larger quantities of air flow from such fans could have a significant effect on the 
airflow pattern in the re-entrant. This case is not modelled in this thesis. 
7.1.2. Exhaust air release rates modelled 
Facing the re-entrant in a typical Hong Kong high-rise residential building, 
there are two kitchens per floor. This gives a total of two multiplied by forty 
kitchens, or eighty kitchens facing each re-entrant. This thesis models a building of 
this type. Each of these kitchens will probably have an exhaust fan to remove 
cooking fumes. Since there are many exhaust outlets, it is also necessary to simplify 
the boundary condition by assuming the exhaust release is uniformly distributed 
along a narrow vertical strip. Due to the nature of the computational grid, the grid 
cells are much larger than the exhaust vents. As a result the exhaust vents cannot be 
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modelled individually. The width of two adjacent cells in the re-entrant is 1.37 m. 
For the model used, the dimensions of the strip are 1.37 m x 100 m (two cells width 
multiplied by the building height). This strip is defined as an inlet boundary, where 
the exhaust air is released: 
Total volume flow rate = area of strip x source velocity 
\ 
As a result of the artificial inlet size, the exhaust velocity in the model is much 
less than the actual exhaust velocity. The exhaust duct from a range hood, set at the 
low setting, ejects air at a speed of about 6 m s"1 on average, based on the author's 
experiment. This fast speed means that there will be an initial dilution as the exhaust 
air decelerates into the open air. The direction cannot be determined because the 
exhaust vent outlet can face any direction out into the re-entrant. This means that the 
source of exhaust air could be modelled as a wide zone a small distance from the 
position of the kitchens. 
For the computations, it is assumed that 50% of all the kitchens are being used 
simultaneously. This total rate of release for 40 kitchens is taken, with each kitchen 
releasing 80 litres s"1 of exhaust air. This is equal to a total of 3,200 litres s"1, or 
11，200 m3 per hour. Note also that the re-entrant volume is 2.3m x lOmx 100m, or 
2,300 m3. The exhaust gas release in one hour is five times the re-entrant volume. 
7.1.3. Initial approximation of dilution in the re-entrant 
Assuming all windows are closed in the re-entrant space, the possibilities for 
air exit and entry are at the side and the top only. The computations of wind flow in 
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the re-entrant suggest that a typical wind speed in the re-entrant is 1 m s"1. If the 
wind blows directly up the re-entrant from top to bottom at a speed of 1 m s"1, it will 
take 100 seconds for air to move from top to bottom. This is the time taken for one 
air change in this space, and this is equivalent to 36 air changes per hour, or 82,800 
m3 per hour. Since there is 11,200 m3 of exhaust air released in an hour, the fraction 
of exhaust in the re-entrant air volume is 14%. This is an indicative value for the 
concentration of exhaust gas in the re-entrant. 
CFD calculations are used to gain a more detailed analysis of distribution of 
exhaust air flowing through the space. A calculation for turbulent mixing is 
combined with the calculation for air flow. 
7.2. Modelling of Waste Heat Dispersal from Air-
conditioning Units 
The air-conditioning of Hong Kong residences is almost entirely achieved by 
the use of window air-conditioning units. A small proportion use split type units. 
Central chilling units for the whole block are rarely used. Hence it is reasonable to 
assume all residences use window units for modelling purposes. 
7.2.1. Typical air-conditioner energy figures 
The following energy figures have been taken from Matsushita Electric, who 
are the manufacturers of National air-conditioners, typical units used in Hong Kong 
residences.76 Window air-conditioners, models CW-711TA and CW-911TA are the 
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two smallest units available from this manufacturer. The electrical power, cooling 
capacities, energy efficiency ratios (EER), and total waste heat output are shown in 
Table 7-1. Figure 7-1 shows these energy figures graphically, except for the EER. 
Model number Cooling Power Input / Energy Maximum heat 
{National) Capacity /kW kW Efficiency Ratio release from 
/ (BtuAV) condensers /kW 
CW-711TA 2.00 0.765 “ 8.9 2,8 
CW-911TA 2.60 0.995 8.9 3.6 
Table 7-1 Energy inputs and outputs from typical window unit air-conditioners 
Energy Figures for Window Air-conditioners 
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Cooling capacity of models 
Figure 7-1 Energy inputs and outputs of typical window air-conditioners， 
showing maximum rate of waste heat release 
Actual figures for the heat release from the air conditioners under typical 
operating conditions require calculation of the cooling load for each flat. This may be 
obtained by running dynamic thermal simulations of the building for the summer 
season. Such simulations may be done using programs such as DEROB (Dynamic 
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Energy Response of Buildings)77 or ESP-r (Environmental Systems Performance -
research version).78 Given that this is a serious exercise in itself, a simpler 
assumption is required. Also, humidity levels are very high in Hong Kong, so the 
thermal models would have to handle latent heat of vaporisation accurately. 
In the course of the author's literature review, no information was found 
relating to the typical usage patterns of air-conditioning units in Hong Kong. No 
statistics on the types of air-conditioning used were found either. As a result, the 
author has relied on personal observations of the types of air-conditioning used in 
Hong Kong residences. The two National air conditioners mentioned previously are 
typical of the units used for rooms in Hong Kong residences. A brief survey of 
electrical shops also revealed that this type of air-conditioner is very popular. 
Without any direct evidence of the heat output from each air-conditioner, a 
hypothetical situation has been used. The assumption was that each unit releases 2 
kW of waste heat, This would be equivalent to the National CW-711TA unit 
running at 70% capacity. The heat generated by the compressor is added to the heat 
taken out of the residence by the air conditioner. 
7.2.2. Representation of condenser heat in a CFD model 
With the design of re-entrant spaces in a high-rise building, usually there will 
be a stack of air conditioners placed on the external walls within the re-entrant. For a 
40 storey building, there may be 2 air-conditioning units for each flat facing into the 
space. This means on each floor there can be 4 air-conditioning units, and this is 
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repeated 40 times up the side wall. This creates a set of four stacks of air-
conditioning units within the space, with each stack containing 40 units. If the heat 
output of the air-conditioner (running at 70% capacity) is 2 kW, each stack of air-
conditioners will release 80 kW. 
To represent the heat output from the air conditioners, a number of 
simplifications have been made. Due to the scale of the model, representation of 
individual air conditioners is difficult. The window units commonly used will take 
in outside air and release it after using the air to cool the units' condensers. A fan is 
used in the unit to force the air past the condenser coils. Since there are very many 
units, the boundary condition is simplified by combining the heat release into two 
narrow vertical strips. As with the exhaust air model, the computational grid limits 
the maximum resolution available. The width of two computational cells in the re-
entrant is 1.37 m. For the model used, the dimensions of each strip are: 1.37 m times 
100 m. Two strips will be modelled, each with this area and an output of 80 kW. 
The heat flux will then be 583 W m-2. 
Using such a boundary condition assumes that turbulent natural convection is 
the dominant mechanism in carrying away the heat. The momentum of hot air as it is 
blown out of the air conditioner is ignored, which limits accuracy close to the unit 
positions. However, further away from the heated wall, turbulent mixing reduces the 
error involved. 
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7.2.3. Approximation of temperature increase 
A first order approximation of the heat increase can be derived by assuming an 
average air velocity of 1 m s'1 out of the top of the re-entrant. In 100 seconds, 
2,300 m3 passes though the re-entrant. Taking air density as 1.17 kg m'3, that is a 
total mass of 2,691 kg. Half of the total of 160 units are assumed to be operating 
simultaneously. For 80 air-conditioning units releasing 2 kW of waste heat, 16,000 
kJ will be released in 100 seconds. Since the specific heat capacity of air is 
1.00 kJ kg"1 K"1, the mass of air will have a temperature increase of 6 K. The 
building walls are maintained at 30°C, the air temperature used for the model. This 
can partly account for heat flow through the walls back into the air-conditioned 
residences. This initial estimate assumes no heat is conducted to the walls by the 
warm rising air, and might be an overestimate. Also, buoyancy forces can be 
expected to increase air velocity in the re-entrant, further lowering temperatures. 
7.3. Representation of the High-rise Tower 
The main area of interest is the re-entrant in the wing of the tower block. To 
gain sufficient detail only one wing is modelled with a re-entrant, with the two 
adjacent wings taken without re-entrants. The fourth wing behind is ignored, since 
this reduces the size of the computational zone. Simulations are done for three 
directions relative to the wing: 0, 90 and 180 degrees. This is illustrated in Figure 
7-2. 
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(a) Wind Into (b) Wind at 90° (c) Re-entrant on 
re-entrant to re-entrant leeside 
T 1 T 
I . A ( 口 
Figure 7-2 Diagram representing plan of the model building with a re-entrant, 
and the three building orientations used in the simulations 
For each direction, the following simulations were performed: wind flow alone; 
exhaust air release; heat release from air-conditioning units. The test building re-
entrant has dimensions 100 m by 10 m by 2.3 m. These dimensions are typical of the 
re-entrant dimensions found in high-rise residential buildings. The minimum width 
of the re-entrant is 2.3 m by regulation. 
7.4. Power-law Profile: Increasing Wind Speed with 
Height 
The cruciform building that is modelled is found in a great variety of locations. 
The buildings are often put into crowded estates, surrounded by many other 
buildings. There are many hills and mountains, which also significantly affect wind 
flow. Some buildings are in exposed locations, such as next to the sea, or on a 
hilltop. Also, some of the buildings face outwards from a group of densely packed 
blocks, and thus are relatively more exposed to the wind. Probably the most typical 
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situation is for the wind to be obstructed by a number of other tower blocks, and 
maybe a high hill or two. 
Representation of these conditions is difficult. Accurate wind flow predictions 
would require that the upstream obstructions are also modelled, so that the effect of 
their wind wake is included. There is a very wide range of situations that can be 
found in Hong Kong, from very exposed, to very enclosed. A further consideration 
is that due to the high grid density required to model the re-entrant air flow, not many 
grid cells remain in the outer computational region. Thus it is hard to include 
upstream details with any accuracy. 
As a consequence, the nature of the wind chosen to represent the wind passing 
the building is a compromise. Lack of computer resources makes it difficult to 
model more than one building at a time. Therefore, the simulations have been 
simplified to that of an isolated building. A wind profile has been chosen that 
represents a low-rise area, such as might be found in parts of the New Territories in 
Hong Kong. The vertical wind profile chosen is therefore that of a suburban area, 
with a power-law exponent of 0.25. The effect of surrounding buildings and hills has 
been deliberately ignored in this study, so that the number of factors to consider is 
reduced. The model is simply that of an isolated building in the wind. Such 
conditions would in fact represent some of the most favourable wind conditions for 
ventilation found in Hong Kong. Any real situation will probably have poorer 
natural ventilation conditions than that represented in this thesis. 
I：. 
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7.5. Wind Tunnel Verification 
To assess the accuracy of the CFD simulations, it may be valuable to perform 
some wind tunnel simulations. The following data might usefully be compared, 
since experimental techniques to obtain these measurements have been well tested: 
• Wind velocities 
• Wind pressures 
• Contaminant dilution 
Another area of interest might be modelling convective heating in wind 
tunnels. However, no reports of such experiments were found while surveying the 
literature for this thesis. 
7.5.1. Wind velocities and pressures 
To conduct a wind tunnel simulation to predict wind velocities and pressures is 
a well-proven technique. The same building model, building orientations, and wind 
profile can be reproduced in a wind tunnel as in a CFD simulation. This would 
increase the reliability of the predictions in this thesis. 
For the building in question, there is one difficult problem. This is the small 
width of the re-entrant relative to the building height. The ratio of width-to-height is 
approximately fifty to one. In a wind tunnel, the building dimensions must not be 
too small, so that Reynolds number similarity is observed. That is, there must be 
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turbulent flow in all parts of the model building, as there is in the real building. This 
effectively limits the minimum dimension of each feature in the building model to 
approximately 2 cm. Therefore, the model size must be 100 cm high, if the re-
entrant is modelled as a 2 cm wide space. Such a large model can only be used in the 
largest boundary layer wind tunnels available. There are no such wind tunnels in 
Hong Kong, although suitable tunnels do exist. A wind tunnel simulation of this 
nature would be very expensive. There were no funds available to the author to 
conduct such a wind tunnel experiment. 
Furthermore, even if a small model could be used, a wind tunnel model could 
still not be constructed within the time and budget constraints of this thesis. The 
construction and analysis of a wind tunnel simulation would add considerably to the 
time required for completion of this work. The Chinese University of Hong Kong 
does not have any wind tunnel, meaning that a wind tunnel and technician would 
have to be hired at some considerable expense. It must be concluded while a wind 
tunnel simulation would add to the academic quality of the research, it is beyond the 
scope of the work required in this thesis. 
7.5.2. Wind tunnel prediction of contaminant dilution 
The proposed wind tunnel experiment in the previous section could also be 
adapted to model the dilution of a contaminant source from the building. For this, 
tracer gas sources and detectors are required. This requires special instrumentation 
and experimental expertise. This could be a valuable follow-up experiment to the 
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CFD predictions in this thesis. However, such an exercise is a significant research 
project in itself. The results could benefit the research of the thesis by providing 
experimental verification. It should be noted that the aim of the thesis is not to 
provide definitive predictions of pollution dispersal. Rather, the aim is to investigate 
the dynamics of such pollution processes around a typical residential building in 
Hong Kong. The CFD simulations provide information that, apart from wind tunnel 
simulations, is otherwise unobtainable for complex building shapes. Analytical 
pollution plume equations, discussed in Chapter 4.3，can only provide predictions 
around simple cubic or cuboid shaped buildings. 
7.6. Summary of Simulations 
A view of the building model is shown in Figure 7-3. Note that one of the 
wings of the cruciform tower has not been modelled. This is because the main area 
of interest is the wing with a re-entrant, and grid detail is poor on the opposite side of 
the building model. Precise values for the variables used, together with a 
dimensioned plan of the computation zone, are shown in Appendix A. 
Two sets of simulations have been carried out, namely: 
1. Kitchen exhaust air dispersal 
2. Air-conditioner waste heat dispersal 
I 
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7.6.1. Kitchen exhaust air dispersal 
Half of the 80 kitchens in a wing were modelled, each releasing 80 litre s"1 
exhaust (40 x 80 litre s"1 = 3,200 litres s"1). The exhaust air has a temperature 21°C 
above ambient. This represents a strong gas flame in use. This release rate is 
approximately 20% of the maximum possible release rate in the re-entrant. The 
maximum rate could be obtained by 80 centrifugal fan {e.g. National Sirocco) range 
hoods running at maximum capacity (80 x 200 litres s"1 = 16,000 litres s"1). 
7.6.2. Air-conditioner waste heat dispersal 
The heat is released in vertical strips, each representing a 40 unit stack of air 
conditioners. Each strip releases 40 times 2 kW of heat, or 80 kW each. It is 
assumed that half of the air-conditioners are in use. This means that instead of 
creating four strip-like zones of heat release, to represent four stacks of air-
conditioners, only two strips will represent two stacks of air-conditioners. Each unit 
is running at 70% capacity, where the air conditioner maximum cooling capacity is 
2kW. 
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Figure 7-3 View of the building model 
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8. Discussion of Results 
The results from the simulations are summarised in the following table. The 
table shows the typical velocities within the re-entrant, maximum values of exhaust 
concentration within the re-entrant and temperature within the re-entrant. 
Concentration of exhaust is the fraction of exhaust air volume in the air within the re-
entrant, expressed as a percentage. The computational grid at the outer wall of the 
boundary is shown in Figure 6-3. Figure 7-3 shows the building that was modelled. 
Wind flow only Wind flow with Wind flow with 
release of exhaust release of air-
gas conditioner heat 
Speed / m s"1 Max. Exhaust Temperature 
Concentration increase / °C 
Wind into re-entrant 0.2 to 2 (ground to 10% Oto 1.5 
80 m) 
2 to 5 (top 20 m) . 
Wind at 90° to re- 0.1 to 2 16% Oto 2 
entrant 
Re-entrant on 0.1 to 1.5 20% Oto 4 
leeward side of the 
block 
Table 8-1 Summary of the results of the computations 
The nature of the wind flow in the re-entrants for different wind directions has 
been determined. It is assumed that air entering the building does not affect the air 
flow. This approximation is necessary to avoid treating the building as a porous 
material, which makes modelling more difficult. In any case, in hot weather, when 
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conditioning is necessary, most occupants of residential buildings close all their 
windows. 
8.1. Wind Patterns in the Re-entrant 
The results of the computations show that there are certain maximum wind 
speeds found in the re-entrants. These are summarised in the chart in Figure 8-1, and 
also in Table 8-1. The speeds in this chart represent the maximum speeds predicted 
within each re-entrant, with the exception of the wind into the re-entrant. For this 
case, the maximum speed is actually around 5 m s"1. However, this applies only for a 
small zone near the top. If this zone is omitted the maximum speed in the rest of the 
re-entrant found was about 2 m s"1. For wind at 90°, the maximum speed found was 2 
m s"1, and for the leeward side, it was 1.5 m s"1. The minimum speeds found in the re-
entrants were much lower, however. Certain zones even had a zero wind velocity. 
Maximum Wind S p e e d s in the Re-entrant (m/s) 
: 1 = 1 ¾ 
Wind into Wind at 90° Re-entrant 
re-entrant to re-entrant on leeward 
side 
Figure 8-1 Maximum wind speeds found in the re-entrant 
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8.1.1. Wind into re-entrant 
Figure 8-2 shows the direction and magnitude of wind passing into the re-
entrant. All the points in the computational volume that have the same velocity 
magnitude can be joined together. This creates a surface of constant velocity 
magnitude. This surface can be coloured with the value of another variable at these 
points. Figure 8-3 shows a surface of constant velocity, with the surface coloured by 
pressure in that part of the wind flow field. The higher wind speeds around the 
building cause the surface to dip around the sides of the building. The wind blowing 
onto the front of the building causes a significant pressure build-up, which is found 
about three-quarters up the top. Where this occurs on a flat wall, the wind may blow 
radially from the point of maximum pressure. Within the re-entrant, the wind is 
constrained to flow only in a vertical direction. Hence the flow separates at the point 
of maximum pressure, and most of the flow is driven vertically downwards and 
upwards. The downward air flow ensures that about half of the cooking fumes will 
reach ground level. The ground level concentration would then be about 2% to 6%. 
At the top, the wind flows upward at a relatively high speed of 2 to 5 m s"1. 
8.1.2. Wind at 90° to the re-entrant 
Figure 8-4 shows the direction and magnitude of the wind as it passes at a right 
angle to the re-entrant. Figure 8-5 shows a surface of constant velocity at 5 m s"1. In 
this case the pressure distribution appears complex. Over most of the vertical 
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entrance to the re-entrant, the pressure is negative relative to atmospheric pressure. 
However, there is strong negative pressure about three-quarters of the way up the top. 
The air flows into the re-entrant through two zones of the re-entrant. One zone is the 
lower half of the re-entrant. The other zone is the top of the re-entrant. 
8.1.3. Re-entrant on the leeward side of the building 
Figure 8-6 shows the velocity and magnitude of the wind, where the re-entrant is 
on the leeward side of the building. On the leeward side of the building there is a 
wind wake, and this is clearly visible in Figure 8-7 from the surface of constant 
velocity at 5 m s"1. This means that the leeward side has relatively low wind speeds. 
However, on the top of the building there are significant lift forces. This is the main 
force driving air out of the re-entrant. The top of the re-entrant has wind speeds up to 
2 m s"1, but at the bottom the air flow is very slow. Air enters the side of the re-
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Figure 8-3 Wind blowing into the re-entrant. Surface of constant velocity at 
5 m s'1. Coloured by static pressure. 
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Figure 8-4 Wind blowing at 90�to the re-entrant. Velocity vectors. 
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Figure 8-5 Wind blowing at 90�to the re-entrant. Surface of constant velocity 
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Figure 8-7 Re-entrant on the leeward side of the building to the wind. Surface 
of constant velocity at 5 m s'\ Coloured by static pressure. 
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8.2. Exhaust Air Concentration 
There are definite maximum values of concentration found in each re-entrant. 
These are summarised in Table 8-1, and Figure 8-8. For wind blowing into the re-
entrant, a maximum concentration of 10% was found. For wind at 90° to the re-
entrant, the maximum concentration is 16%. When the re-entrant is on the leeward 
side, the exhaust concentration was the highest predicted for all the case, with a 
maximum concentration of 20% exhaust air. 
To judge the implication of exhaust concentration, a comparison can be made 
with an odour threshold for cooking fijmes determined by Kovanen et al. Since his 
study has a different exhaust rate than that chosen for this work, an equivalent value 
for the odour threshold was required. The odour threshold for this work was taken to 
be a 1.6% concentration of cooking fumes in the air. This is the concentration where 
odour becomes detectable. 
Max. Exhaust Concentration in Slot 
2 0 % 1 _ 
15% p S f f l 纖约—— 
Wind into re- Wind at 90° Re-entrant 
entrant to re-entrant on leeward 
side 
Figure 8-8 Maximum exhaust concentrations found in the re-entrant 
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8.2.1. Wind into re-entrant 
When wind enters the re-entrant, the flow separates at approximately the mid-
height of the building. The flow is upward for the top half, and downward for the 
lower half. There is a stagnant zone at about the mid-height of the re-entrant. The 
maximum concentration is found in the stagnant zone, where there is low wind 
speed. This is shown in Figure 8-9. The maximum concentration is approximately 
10%. The concentration drops to 3% at the bottom and the zones near the edge of the 
re-entrant. The exhaust air escapes out the top and the bottom. A surface of constant 
concentration at 0.1% is shown in Figure 8-10, revealing the three dimensional 
dispersion of the exhaust. 
8.2.2. Wind at 90° to the re-entrant 
Over a large part of the re-entrant, there is a concentration of approximately 
12% exhaust air, as shown in Figure 8-11. However where the top and bottom flows 
meet, there is a small zone of concentration of about 16%. Where the air escapes 
from the re-entrant, the region of 12% exhaust extends beyond the re-entrant region 
itself, and affects the outside of the building wing next to the re-entrant. The three 
dimensional distribution is shown in Figure 8-12 with a surface of constant exhaust 
concentration of 0.1 %. 
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8.2.3. Re-entrant on the leeward side 
The maximum concentration found here is approximately 20%, extending from 
about a height of 25 m above the ground, to the top of the building at 100 m. This is 
shown in Figure 8-13. If the wind speed were constant from top to bottom, the 
concentration would increase gradually from top to bottom. However, as the wind in 
the re-entrant is faster at the top, the maximum concentration is reached much further 
down the building. The three dimensional dispersion of the exhaust is shown in 
Figure 8-14，with an isosurface of 0.1% concentration. This clearly shows that the 
pollutant escapes only from the top of the re-entrant. 
/ 
Discussion of Results \ \ j 
Figure 8-9 Wind blowing into the re-entrant. Coloured contours of exhaust 
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Figure 8-10 Wind blowing into the re-entrant Surface of constant exhaust 
concentration at 0.1 %. Coloured by wind speed (3D velocity). 
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Figure 8-11 Wind blowing at 90�to the re-entrant. Coloured contours of 
exhaust concentration. From 20% (red) to 0.01% (dark blue) 
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Figure 8-12 Wind blowing at 90° to the re-entrant. Surface of constant exhaust 
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Figure 8-13 Re-entrant on the leeward side of the building to the wind. 
Coloured contours of exhaust concentration. From 20% (red) to 
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Figure 8-14 Re-entrant on the leeward side of the building to the wind. Surface 
of constant exhaust concentration at 0.1%. Coloured by wind 
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8-3. Temperature Increase in the Re-entrant 
• • • • i J ^ ^ H I 
Figure 8-15 Heat sources within the re-entrant, which represent the air-
conditioner condensers. 
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The heat sources representing the air-conditioners are shown in Figure 8-15. 
The maximum temperature increases predicted for each re-entrant are summarised in 
Table 8-1, and Figure 8-16. When wind blows into the re-entrant, a maximum 
increase in temperature of 1.5°C was predicted. For the case at 90°, the maximum 
increase predicted was 2°C. When the re-entrant is on the sheltered leeward side, a 
maximum increase of 4°C was predicted. 
Maximum Temperature increase in Slot (°C) 
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2 iu^i ——HH— 
1 B U ~ B M i 
o +- 1 1 1 
Wind into re- Wind at 90° to Re-entrant on 
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Figure 8-16 Maximum temperature increases found in the re-entrant 
8.3.1. Wind into the re-entrant 
Since there is a stagnant zone around the mid-height of the re-entrant, this is 
where the maximum temperature is found, shown in Figure 8-17. In this region, the 
air speed is slow, so the temperature increase is approximately +1.5°C. This region is 
closer to the inside of the re-entrant. However, at the top, where the windspeed is 
higher, the temperature increase is less, about +0.5°C. The vectors for wind flow 
with the heat release are shown in Figure 8-18. 
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8.3.2. Wind at 90° to the re-entrant 
In this case, the effect of the two heat source strips are clearly visible in Figure 
8-19. Air is drawn upwards approximately three-quarters of the way up, and air is 
also drawn down from the top. Where the two air flows meet, a temperature increase 
of about +2°C is found. The warmer region is close to the inside of the re-entrant, 
except where the air escapes from the side of the re-entrant. At the bottom and top of 
the re-entrant, the temperature increases by no more than +0.5°C. Velocity vectors 
for the heated wind flow are shown in Figure 8-20. 
8.3.3. Re-entrant on leeward side 
It was noted earlier that the air in this case enters the side of the re-entrant, and 
the wind speeds are very low at the bottom. As a result, there is a high temperature 
increase in the lower slow speed zone, in this case up to +4�C, as shown in Figure 
8-21. Wind pressure tends to push air to the inside of the re-entrant, where higher 
temperatures are found. When the windspeed picks up at the top, the temperature 
increase is less, about +2°C. In this case, natural convection also adds a noticeable 
upward impulse to the air flow. The velocity vectors for this wind flow are shown in 
Figure 8-22. 
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Figure 8-17 Wind blowing into the re-entrant Contours of air temperature. 
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Figure 8-18 Wind blowing into the re-entrant, with air-conditioner heat 
sources. Velocity vectors. 
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Figure 8-19 Wind blowing at 90° to the re-entrant. Contours of air 
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Figure 8-20 Wind blowing at 90�to the re-entrant, with air-conditioner heat 
sources. Velocity vectors. 
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Figure 8-21 Re-entrant on the leeward side of the building to the wind. 
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Figure 8-22 Re-entrant on the leeward side of the building to the wind，with air-
conditioner heat sources. Velocity vectors. 
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8.4. Summary of Findings 
The dispersal of waste heat and air are affected by the following factors: 
• Wind speed 
• Wind direction 
• Building geometry 
The effect of differing oncoming wind speeds was not modelled in these 
simulations. However, it is likely that wind speeds within the re-entrants are 
proportional to the wind speed passing the building. The effect of changing wind 
direction was shown to significantly affect flow patterns within the re-entrant. 
Generally, it was found that wind entering the re-entrants tended to leave towards the 
top, which is where the most negative pressures were usually found. An exception 
occurs in the case of the wind blowing into the re-entrant, where the wind escapes 
both at the uppermost and at the lowermost zones of the re-entrant. 
It was found that air tends to move up or down within the re-entrant. It does not 
take the shortest path, which is the horizontal route in and out. Stagnant zones were 
observed, which occur where the flow diverges (wind into re-entrant), where the flow 
converges (wind at 90°), and where there is a large sheltered zone (re-entrant on 
leeward side). 
For waste air dispersal, all wind directions showed dispersal problems. 
Concentrations of exhaust varied from 10% in the windward case, to 20% in the 
leeward case. This is a range of 6 to 12 times the odour threshold. The problem 
appears to be with the positioning of exhaust, and the nature of the building 
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geometry. Sheltered conditions exacerbate the problem, but the problem is still 
present even with exposed wind conditions. 
For the dispersal of waste heat from air-conditioners, noticeable thermal 
pollution was predicted for all wind directions. For the three wind directions 
modelled, maximum temperature increases of 1.5°C to 4°C were predicted. The 
effect of shelter was predicted to increase the problem significantly. The most 
sheltered region is the lower part of the re-entrant on the leeward side, where the 
temperature was predicted to rise to 4°C. 
The simulations indicate that the typical Hong Kong cruciform building, with 
deep re-entrants, has inherent problems of dispersal of waste and heat. Odour and 
heat pollution are likely whatever the wind direction. Even wind exposed situations 
are affected by such pollution. However, the most serious problems are likely to 
occur for the wind sheltered conditions. 
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9. Natural Convection Modelling 
In order to model heat release from air conditioners, modelling of the buoyancy 
effects due to expansion of heated air is required. The present simulations must, 
therefore, model natural convection. However, the local wind flow interacts with 
buoyancy forces to produce a resultant flow field. It is proposed to model the air 
conditioner heat release for calm wind conditions, as well as for mean wind speed 
conditions, as presented in Chapter 8. The most pronounced local temperature 
increases might be expected under calm conditions, which means that these 
conditions are of significant interest. 
In attempting simulation of natural convection in still air, it is necessary to set 
up the external boundary conditions as static pressure boundaries. Initially, a test 
simulation was done for a closed boundary, effectively with a building inside a large 
box. This created a strong convection cell, which was not representative of actual 
conditions. Although natural atmospheric phenomena such as cumulus clouds occur 
in large scale convection cells, these are very much larger than the building scale, and 
can be ignored in modelling a building. There must be calculation of a free entry and 
exit of air as it passes in and out of the computational zone. The buoyancy forces are 
the only forces driving air flow. The boundary representing the free air away from 
the heated surface is defined with constant static pressure. 
In running test simulations of this free convection, it was found that 
convergence could not be obtained. Initially, the three-dimensional grid for the 
building was taken from the other simulations. Convergence did not occur even for a 
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temperature difference of 100°C. To analyse this problem, a test simulation was set 
up in two dimensions, with a heated patch on the ground. The computation still did 
not converge, even for this simple case. Enquiries were sent to Fluent Inc., and from 
there to CANCES (Centre for Advanced Numerical Computation in Engineering and 
Science) in Australia. The advice received was that obtaining convergent solutions 
to natural convection is very difficult. Final residuals need to be of the order of 10"4， 
an order of magnitude smaller than for wind driven air flow simulations.79 
A simulation of pure natural convection from a building was undertaken at the 
Energy Systems Laboratory in Zurich by Schaeling et al.so This simulated a heater 
within a cubic room with a door opening to the outside. The heater was represented 
by a heated air volume. The analysis of the continuity equation looked at the 
pressure difference between cells. For calculations used in CFD, spurious pressure 
differences can easily arise, the pressure differences that arise in natural convection 
are very small. If these are the only driving forces in the flow, solutions to the flow 
field are hard to calculate. Calculations need to proceed very cautiously. The 
pressure gradient at the free boundaries was assumed to be zero. The simulations 
from the Energy Systems Laboratory required 10,000 iterations to reach 
convergence. For comparison, a calculation of the wind field around a building 
requires 500 iterations or less for convergence. 
On this basis, under-relaxation factors for pressure and velocity were reduced 
to 10"3, very much smaller than for wind driven flow. A simple two-dimensional 
model, with a heat source on the ground was modelled for the present computations. 
To obtain a partly converged solution, 30,000 iterations were required. This took 2 
days to obtain. More iterations did not appear to produce any improved result. A 
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The Rayleigh number for this flow is approximately 1013. This implies fully 
turbulent flow. A simplified equation can be used to estimate the heat transfer 
coefficient for a heated plate facing upward, where the flow is turbulent.81 This is: 
h = 1.52( A7)1/3 (9-1) 
for a temperature difference of 30°C, the heat transfer coefficient, h = 4.7. This is 
close to the value computed with FLUENT. It was decided that three-dimensional 
simulations could not be achieved with the available computing resources. To obtain 
results in a reasonable time would require the use of the fastest available 
supercomputer. Furthermore, the calculations are difficult to stabilise. The 
widespread use of this technique for prediction of pure natural convection with free 




Hong Kong residential densities are typically very high. A high-rise tower may 
have 40 storeys, containing over 300 separate residential units. If waste air or heat is 
not effectively dispersed from residences, such pollutants may re-enter internal living 
spaces. This work investigated the dynamics of the dispersal of waste air and heat 
from a typical Hong Kong residential building. One particular building feature was 
selected for detailed analysis. This was the deep re-entrant typically found in most 
Hong Kong high-rise residential buildings. (A re-entrant is a deep indentation within 
the wing of a residential building which has on average 80 residences facing into it.) 
The mean wind flow patterns and pressures around a typical building were 
predicted using CFD. This information enables the calculation of pollution 
concentrations around the building. Two sources of pollution were investigated: (1) 
exhaust cooking fumes; (2) waste heat "from air-conditioners. The mean wind speed 
in Hong Kong was used in all calculations, which is 3 m s"1. Three wind directions 
relative to the building wing were modelled. 
10.1. Waste Air 
Cooking exhaust concentrations were predicted for cases where 50% of all 
kitchens were in use for cooking. The odour threshold for this work was taken to be 
a 1.6% concentration of cooking fames in the air, based on experiments conducted by 
Kovanen et al. (See sections 4.2 and 8.2) 
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When the wind direction faces directly into the re-entrant, the maximum 
concentration of cooking fumes is approximately 10% of the air within the re-entrant. 
This concentration is found at the mid-height of the building. The wind flows 
downward for the bottom half of the building, and upwards for the upper half of the 
building. Waste air from kitchens is brought directly down to ground level, where 
the concentration is about 2% to 6%. Therefore cooking odours are likely to be 
noticeable at ground level for one out of four wings of such a high-rise building. 
This odour is carried away at ground level where the passing wind eventually dilutes 
the smell. The volume that is affected by a 0.1% concentration is shown in Figure 
8-10. This shows that the pollution moves around the building at ground level. 
Where wind passes the re-entrant at 90°, the maximum cooking fume 
concentration rises to approximately 16%. The wind flow patterns tend to draw air 
out of the re-entrant at a height three-quarters that of the building. The windows 
placed at this height on the outer part of the wing are also exposed to cooking odours. 
When the re-entrant is on the leeward side of the building, the maximum 
cooking fume concentrations rise to approximately 20%. This concentration is found 
in almost all of the re-entrant space. The highest concentrations are directly opposite 
the living room and kitchen windows. For this case where the wing is on the leeward 
side of the building, most of the air flows out of the top of the re-entrant space. The 
level of odour pollution in this case is more than an order of magnitude greater than 
the odour threshold. The simulations suggest that strong odour pollution is likely 
within the re-entrant. The odour pollution for the previous two cases are nearly an 
order of magnitude greater than the odour threshold. 
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10.2. Waste Heat 
Temperatures were predicted for cases where 50% of air-conditioners were in 
use. The waste heat release rate per air-conditioner was assumed to be 2 kW. The 
calculations revealed that significant temperature rises are likely within the re-
entrant. 
When wind blows into the re-entrant, a maximum temperature rise of 
approximately +1.5°C was predicted. This occurs around the mid-height of the 
building. Where wind passes the re-entrant at 90°, a maximum temperature rise of 
approximately 2°C was predicted. This maximum temperature rise was predicted 
where air flow converges, just before the air leaves the re-entrant towards the top of 
the building. When the re-entrant is on the leeward side of the building, a 
temperature rise of approximately 4°C was predicted. This condition was found at 
the lower level of the building. In this zone, the space is very sheltered from the 
wind. This may be the reason for the high temperature increase. Higher up the re-
entrant, the temperature increase was approximately 2°C. 
One of the findings from the air conditioner modelling was that the natural 
convection from the waste heat was very weak compared to the wind pressures. 
Buoyancy forces had a measurable but not dominant effect. It is probable that waste 
air dispersal is not affected significantly by the addition of air conditioner waste heat. 
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10.3. Implications 
An assumption in the modelling was that no wind passed through the building. 
For a real building, a small amount of air usually flows into the building by 
infiltration. A greater amount of air flow can occur when residents open the 
windows. Therefore, some of the air does in fact pass through the building. This 
effect does not invalidate the modelling assumption, since the flow rates from 
infiltration are low. If the total area of the open windows is smal) relative to the wall 
area in the re-entrant, flow patterns will probably not be affected much. This is 
indeed the case with an air-conditioned residence. However, any residents who do 
open windows into this open space will probably receive overheated or odorous air 
into their home. Air flow by infiltration, although small, is difficult to stop. Also, 
for some months of the year, the outside temperature is comfortable enough to allow 
natural convection. Therefore a small amount of polluted air is likely to enter 
residences in most cases. 
The increased temperature of the air in this space can have undesirable results. 
This would reduce thermal comfort for residents, and increase the cooling load in the 
residences. If the general air temperature is warm, but not very hot，say around 27 to 
28°C, not all residents will choose to use air-conditioners. Those who do use air-
conditioning will raise the re-entrant air-temperature for their neighbours, which may 
make more residents use air-conditioning than would otherwise be the case. 
It was noted in Chapter 2 that odorous fumes or excessive heat from ventilation 
systems are subject to Public Health regulations. If either are excessive they are 
regarded as a nuisance, and a stiff fine can be given to the offender. The definition of 
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a nuisance in these cases is not clearly defined. Some indication can be given by the 
previously mentioned odour threshold. Since predictions of odour pollution suggest 
it can rise an order of magnitude above this threshold, the fumes are likely to be a 
nuisance. Similarly, the predicted temperature rises in the re-entrant were around 
2°C to 4°C. This is enough to be regarded as a nuisance where the residents want 
some comfortable fresh air. For these cases, it is very difficult to blame the nuisance 
on a single resident. The nuisance is a result of the combined activities of all 
residents. It would be very hard to fine residents who have no alternative to their 
actions. 
10.4. Suggestions 
Such pollution "nuisances" are very likely to happen in typical buildings 
designed according to the Hong Kong Building Planning Regulations. This implies, 
therefore, that the planning regulations are in conflict with the public health 
regulations. The building planning regulations are therefore in need of revision, so 
that buildings do not infringe the public health regulations. 
Alternative approaches to air-conditioning can be considered. A simple 
measure is not to place air-conditioners in narrow re-entrants. Walls more exposed 
to the wind might be chosen to hold the units. Another alternative would be to use 
central air conditioning. A few large chiller units could supply air-conditioning to a 
whole residential tower block. However, it would be necessary to evaluate the 
effectiveness of heat dispersal from a few large chillers placed on the roof. Such 
evaluations have not been carried out in this work. There are also the practical 
Conclusions 141 
problems of design and installation of such a system. However, analysis of this 
alternative is beyond the scope of this work. 
An alternative for kitchen ventilation might be to vent all cooking fumes to the 
top of the building. An evaluation of this could be undertaken with further 
simulations. Analysis of this alternative has not been conducted in this work. 
Allowing for natural ventilation in a high density development is not easy. 
Ventilation in high-rise buildings should be carefully considered. The simulations 
indicate that it should not be assumed that a solution that passes Hong Kong building 
regulations will also provide adequate natural ventilation. Where necessary, 
supplementary mechanical ventilation might be considered where high ventilation 
rates are essential. 
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Appendix A: Simulation Case Definitions 
This appendix describes the particular variables used to model the air flow. It is 
a summary of all the modelling conditions used for this thesis. Figure A-1 shows the 
plan of the computational zone. This includes the following: an outer boundary, 
which consists of two side walls, defined as Wall 1; lower and upper solid 
boundaries, defined as Wall 2; building geometry, defined as Wall 3; an inlet 
boundary for wind, defined as Inlet 1; a boundary for the exit of air defined as Inlet 2 
(an inlet boundary, because air can come in and out). 
A more detailed plan of the model building is shown in Figure A-2. The 
physical dimensions of the building model are described here. The location of 
sources of waste heat, defined as Wall 4, is shown here, as well as sources of waste 
air, defined as Inlet 3. These two pollution sources were not modelled together in 
any of the simulations. 








Wall 1 W a l 1 2 
丄乙 
Figure A-l: Plan of the model computational zone used in the simulations, with 
boundaries. Units are in metres. 
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Figure A-2 Detailed plan of the model building used in the simulations. Units 
are in metres. 
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A. 1 Definitions used for all Simulations 
A. 1.1 Boundary conditions used in all simulations 
Inlet 1: Fixed Velocity Boundary. Turbulence Intensity 10%. Mean wind speed 
3 m s"1 at 10 m, with power law coefficient = 0.25. 
Inlet 2: Fixed Pressure Boundary. 
Wall 1: Frictionless (slip) walls. Sides and top of computational zone. 
Wall 2: Frictional wall. Ground surface. 
Wall 3: Frictional wall. Building surface and interior. (Solid block). 
A. 1.2 Equations used in all simulations 
Turbulence Model: Reynolds Average Navier Stokes Equation with closure from 
the A:-厂 model. 
Turbulence at the wall: Log-law wall function. 
A.2 Simulation of Wind Flow around the Building 
The wind flow patterns were simulated without additional calculation of heat or 
species. This was done for the 3 directions. The allows a comparison between the 
flow without heat input, and with heat input from air-conditioners. 
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A.3 Air讀conditioner Waste Heat Dispersal 
Simulations 
Three wind directions were simulated. Ambient temperature = 30°C. Wall 
numbers 1，2 and 3 are maintained at a constant temperature of 30°C. 
A.3.1 Additional boundary condition to represent air 
conditioners 
Wall 4: 2 strips of wall with a constant heat flux boundary condition. A typical 
air-conditioner can release up to 3 kW of waste heat. An assumption is taken that 
half the air conditioning units in the re-entrant are being used, and each of these 
running at 70% capacity. This is represented by 2 stacks of 40 air conditioning units 
releasing heat at 2 kW. 80 kW total. Area of this boundary = 2 strips, each two 
computational cells wide, with dimensions 1.37 m x 100 m. This gives an area of 
137 m2 for each strip. Heat flux = 583 Wm-2. 
A.3.2 Additional equations used 
Heat transfer from a wall into turbulent flow. Turbulent heat transfer coefficient 
based on local flow conditions. Thermal transfer at the wall uses an analogy to the 
momentum transport in the log-law wall function. Thermal expansion coefficient 
derived from the ideal gas law. Gravitational acceleration = 9.81 m s"2. 
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AA Exhaust Air Dispersal from Kitchens 
Three directions are simulated. Ambient temperature = 30°C. Wall numbers 1， 
2 and 3 are maintained at a constant temperature of 30°C. 
A.4.1 Additional Equations used 
Species diffusion calculation. Calculation of mass fractions, using a 
concentration gradient and a turbulent diffusion coefficient, 
A.4.2 Additional boundary conditions to represent release of 
exhaust air 
Inlet 3: Species Exhaust Air, with properties identical to air. A constant 
velocity boundary condition. It is assumed that for peak cooking times, half of all 
the kitchens in the re-entrant are using an exhaust fan (40 out of 80 kitchens). Each 
fan is using half the maximum capacity. This leads to a volume release of 40 x 80 
litres s"1. 
Temperature +21°C. Area = 1.37 m x 100 m = 137 m2. 
Volume flow rate = 3,200 litres s1. Velocity 二 0.023 m s"1. 
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